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Abstract

The Zernike polynomials are a complete set of continuous functions orthogonal over a unit
circle. Since first developed by Zernike in 1934, they have been in widespread use in many
fields ranging from optics, vision sciences, to image processing. However, due to the lack of a
unified definition, many confusing indices have been used in the past decades and mathematical
properties are scattered in the literature. This review provides a comprehensive account of
Zernike circle polynomials and their noncircular derivatives, including history, definitions,
mathematical properties, roles in wavefront fitting, relationships with optical aberrations, and
connections with other polynomials. We also survey state-of-the-art applications of Zernike
polynomials in a range of fields, including the diffraction theory of aberrations, optical design,
optical testing, ophthalmic optics, adaptive optics, and image analysis. Owing to their elegant
and rigorous mathematical properties, the range of scientific and industrial applications of
Zernike polynomials is likely to expand. This review is expected to clear up the confusion of
different indices, provide a self-contained reference guide for beginners as well as specialists,
and facilitate further developments and applications of the Zernike polynomials.

Keywords: orthogonal polynomials, Zernike polynomials, Zernike circle polynomials,
Zernike annular polynomials, Zernike moments, wavefront analysis
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1. Introduction

The Zernike polynomials are a sequence of continuous func-
tions that form a complete orthogonal set over a unit disk. They
were named after the optical physicist Frits Zernike (figure 1),
winner of the 1953 Nobel Prize in Physics and the inventor of
phase-contrast microscopy. Since most optical systems have
circular apertures, Zernike polynomials are useful for wave-
front analysis and thus play important roles in optics. Zernike
polynomials can be generally divided into two basic types,
i.e. Zernike circle polynomials and Zernike annular polynomi-
als, which are defined over a unit disk and an annular unit disk,
respectively. The Zernike circle polynomials were first intro-
duced by Zernike in 1934 as eigenfunctions of a second-order
rotationally invariant partial differential equation to describe
the phase contrast method [1, 2] and were derived by Bhatia
and Wolf in 1954 from the requirements of orthogonality and
invariance [3]. The Zernike annular polynomials first appeared
in a report of Perkin-Elmer Corporation in 1971 [4] and were
discussed by Tatian in 1976 for aberrations balancing in optical
systems with annular pupils from the standpoint of lens design
[5]. They are systematically studied and explicitly given by
Mahajan in 1981 [4].

Zernike polynomials gradually aroused people’s interests
after introduction (figure 2) and have found widespread applic-
ations in optics and image processing. In 1942, Bernard
Nijboer, a PhD student of Zernike, expanded aberration func-
tions of a symmetrical optical system into a series of Zernike
polynomials and formulated an efficient representation of the
complex amplitude distribution of a point object in the image
plane [6]. This work allows analytical evaluation of diffrac-
tion integrals and the point spread function (PSF) of a gen-
eral optical system and is referred to as the Nijboer—Zernike
theory. However, the Nijboer—Zernike theory is only valid in
the case of small aberrations and can only produce accur-
ate results at positions close to geometrical focus. Seventy
years later, Janssen formulated a general expression in terms of
power-Bessel series and extended the Nijboer—Zernike theory
for optical systems with large aberrations [8]. The extended
Nijboer—Zernike theory can analytically compute the PSF of
an aberrated optical system described by Zernike coefficients
and accelerates further developments in the focused field dif-
fraction theory. While the developments of diffraction theory
of aberrations solely rely on analytical derivations, Zernike
polynomial-based wavefront analysis depends on the use of
computers. In the 1970s, with the rise of adaptive optics, Noll
proposed a modified set of Zernike polynomials by normal-
izing and sorting the polynomials for statistical analysis of
wavefront aberrations caused by atmospheric turbulence [9].
At the same time, Loomis at the University of Arizona intro-
duced a reordered subset of Zernike polynomials to the inter-
ferogram processing software FRINGE for wavefront analysis
in interferometric measurements [10, 11]. This subset called
Zernike fringe set contains only 37 terms but has good cor-
responding relationships with classical aberrations. In 1980,
Teague extended the applications of Zernike polynomials from

Figure 1. Frits Zernike (1888-1966), a Dutch physicist and
mathematician who was awarded the Nobel Prize in Physics in

1953 for his invention of the phase contrast microscope. Figure
reproduced with permission from [7]. Reprinted from [7], Copyright
© 2012 Elsevier B.V. All rights reserved.

optics to image processing and pioneered Zernike moments,
which hold the property of rotation invariance and can be used
as shape descriptors for pattern recognition [12]. The Zernike
moments have since then become a valuable shape descriptor
for image analysis. After entering the 21st century, the devel-
opments of Zernike polynomials gradually become mature and
several Zernike sets were standardized to promote effective
communication by the American National Standards Institute
(ANSI) [13, 14] and the International Organization for Stand-
ardization (ISO) [15-17] (see figure 3).

The widespread use of Zernike polynomials stems from
their unique mathematical properties. First, Zernike polynomi-
als are orthogonal over a unit circle. The orthogonality makes
the expansion coefficients of a wavefront function independ-
ent of the number of terms [18]. This also enables conveni-
ent mathematical manipulations of wavefronts, such as addi-
tion, subtraction, translation, rotation, and scaling. Second,
while other polynomials orthogonal over a unit disk also exist,
Zernike polynomials are unique in the sense that they have
good corresponding relationships with classical aberrations,
such as astigmatism, coma, and spherical aberration [19, 20].
This enables fast classifications and quantifications of wave-
front aberrations. Third, Zernike polynomials make the evalu-
ation of the image quality of an optical system easy since the
system PSF can be analytically computed from the Zernike
expansion coefficients of wavefront aberrations based on the
(extended) Nijboer—Zernike theory [6, 8, 21]. In addition,
Zernike polynomials can serve as a basis set for wavefront
reconstruction in slope sensitive wavefront sensors, such as the
Shack—Hartmann wavefront slope sensor [22, 23] and the lat-
eral shearing interferometers [24], which are important wave-
front sensing tools in ophthalmic optics and adaptive optics.

Nowadays, a variety of indices for Zernike polynomials
are in use by authors and authorities around the world. Well-
known ones include the Noll indices [9, 25], the OSA/ANSI
indices [13-15, 17, 26, 27], the Fringe/University of Arizona
indices [10, 19], the ISO 14999 indices [16, 28], the Born and
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Figure 2. Number of publications on Zernike polynomials from 1970 to 2020. Source: Web of Science; keyword: Zernike polynomials;

search criteria: topic.
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Figure 3. Key events in the history of Zernike polynomials (ZPs).

Wolf indices [29], and the Malacara indices [30, 31]. Each
indexing scheme adopts a different naming, normalization,
and indexing strategy and even the coordinate system may be
different, which causes great confusion to researchers work-
ing with the polynomials and hinders effective communica-
tion. Moreover, mathematical properties of Zernike polyno-
mials developed in the past few decades, such as derivatives,
Fourier transform, and recurrence relations, are scattered in the
literature and no work summarizes these results. This motiv-
ates us to prepare a review paper on the Zernike polynomials
with the aims of clearing up the confusion of different indices,

summarizing mathematical properties, surveying state-of-the-
art applications, and providing a quick reference guide for sci-
entists and engineers in this community.

The remainder of this review is organized as follows (see
figure 4). Section 2 reviews different indexing schemes for
the Zernike circle polynomials, their mathematical proper-
ties, roles in wavefront fitting, relationships with classical
Seidel aberrations and the Strehl ratio, connections with
other important functions, such as the XY monomials and
the Legendre polynomials. Section 3 discusses orthonormal
polynomials over noncircular pupils based on the Zernike
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circle polynomials with an emphasis on Zernike annular poly-
nomials, whose definition, mathematical properties, and roles
in wavefront fitting are presented. Section 4 surveys state-
of-the-art applications of Zernike polynomials in a range of
fields, including diffraction theory, optical design, optical test-
ing, ophthalmic optics, adaptive optics, and image analysis.
Finally, section 5 draws concluding remarks. Table 1 lists the
acronyms and symbols used in this review.

2. Zernike polynomials over circular pupils

2.1. Definitions

Zernike polynomials over circular pupils are called Zernike
circle polynomials or simply Zernike polynomials. They

gl
-
gt/
il
===
plEeey

» Zernike moments
* Pseudo Zernike
moments

Image analysis

discussed in this review.

are defined over a unit disk and can be most conveniently
expressed in polar coordinates (p, #), where p is the normal-
ized radial coordinate (0 < p < 1) and € is the polar angle
measured counterclockwise from the +x-axis (0 < 6 < 2m7),
as shown in figure 5(a). The polar coordinates p and 6 can be
converted to the Cartesian coordinates x and y using the trigo-
nometric functions:

x = pcosf, y= psinf. (1)

Likewise, the Cartesian coordinates x and y can be conver-
ted to polar coordinates p and 6 by:

p=/x2+2, 6 =arctan (y) . 2)

X
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Table 1. List of acronyms and symbols.

Symbols Meaning

3D Three-dimensional

PSF Point spread function

(x,5), (p,0) Cartesian coordinates and polar version in the spatial domain
(u,v), (r,¢) Cartesian coordinates and polar version in the frequency domain
Fy Orthonormal polynomials over arbitrary pupil shapes

G, Zernike resizing factor

1 Intensity; moment invariants

Jn(x) Bessel functions

Mum Zernike moments

N Normalization factor

P, Jacobi polynomials

P, Legendre polynomials

P(p,0) Pupil function

Ry (p) Zernike radial polynomials

T, XY monomials

U(r,¢,v) Complex amplitude on the image plane

Uy Chebyshev polynomials

vl Complex Zernike circle polynomials of degree n with an azimuthal frequency /
w Wavefront aberration

w Wavefront mean value

Zi(p,0),Z; (p,0)
Zj(p,0;¢),Z; (p,0;¢)
D(p,0)

aj, dy

b, by

fx,y)

g(x,y)

wi, wh

P(x,y)

Mnl

Ry

V;l

Zi(r, )

Zj(r, ¢s¢)
A

a
W
S

Zernike circle polynomials of degree n with an azimuthal frequency m
Zernike annular polynomials with an obscuration ratio of €

Phase function

Zernike expansion coefficients

Transformed Zernike expansion coefficients

Original images

Degraded images

Weighting factor for (complex) annular Zernike radial polynomials
Basis functions

Pseudo Zernike moments

Pseudo Zernike radial polynomials

Radon transform of Zernike radial polynomials

Pseudo Zernike polynomials

Fourier transform of Zernike circle polynomials

Fourier transform of Zernike annular polynomials

Coefficient matrix

Zernike expansion coefficients vector

Wavefront vector

Wavefront slope vector

(b) Y

Figure 5. Definition of a unit circle: (a) Coordinate system used in this review. (b) Coordinate system not recommended.
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It is worth noting that while most people follow the con-
vention that 6 is positive when measured counterclockwise
from the +x-axis, some authors, such as Born [32] and
Malacara [30, 31], measure the polar angle from the +y-axis
in the clockwise direction [33], which stems from early (pre-
computer) aberration theory and is not recommended [27].

Zernike polynomials have several different indexing
schemes during evolution, causing confusion to researchers,
especially beginners. In this section, we classify indices in the
literature into six groups, i.e. the Noll indices, the OSA/ANSI
indices, the Fringe indices, the ISO 14999 indices, the Born
and Wolf indices, and the Malacara indices, and compare their
naming, normalization, and indexing strategies.

2.1.1. The Noll indexing scheme.  When Zernike first intro-
duced the orthogonal polynomials, radial polynomials and azi-
muthal functions were explicitly given [1, 2]. However, the
normalization and ordering methods for these polynomials
were not specified. Noll in 1976 sorted and normalized Zernike
polynomials to facilitate statistical analysis of wavefront dis-
tortion caused by atmospheric turbulence [9]. The indexing
scheme was later followed by many authors [34-36] and was
used in commercial software, such as Zemax [25] as the stand-
ard indices. Note that the ‘standard’ indices in Zemax are not
associated with any ANSI or ISO standards. In this section,
we summarize the Noll indexing scheme, discuss normalized
and non-normalized Zernike circle polynomials, and extend
the definitions from the real domain to the complex domain.

2.1.1.1. Real Zernike circle polynomials.  In the Noll indices,
the normalized or orthonormal Zernike circle polynomials are
defined as the products of normalization factors, radial poly-
nomials, and azimuthal (angular) functions, which are written
as [9]:

Zi(p,0) =Z; (p,0)

2(n+ 1)R?(p)cosmb, m # 0, j is even,
= (nJrl)R’”(p)smmG m#0, jis odd,
(n+ DR (p), m
3)

where the index n is the degree of the radial polynomials,
R™(p); the index m is the azimuthal frequency describing the
repetition of the angular function; n and m are non-negative
integers and satisfy n — m > 0 and n — m = even; j is a
mode-ordering number starting from 1 and its relationships
with n and m are presented in equation (8). There are a total
of (n 4+ 1)(n 4+ 2)/2 linearly independent polynomials for a

degree < n. The radial polynomial R”(p) is defined as [1, 6]:
(n—m)/2 s
(=1) (n—s)! 2
R)(p) = pra o | )]
0= 2 g

The radial polynomials of the first few degrees are shown
in figure 6. It is easy to verify the following relations:

R"(1) =1, &)

—R! =R} —R! —R! —R{
0.5
Q
m=1 = o4 |
< 0
-0.5 -
'1 T T T T
0 0.2 0.4 ) 0.6 0.8 1

m=2
'1 T T T T
0 0.2 0.4 0.6 0.8 1
o
Figure 6. Zernike radial polynomials of the first few degrees when
m=20,1,and 2.

2(n+1)

Zi(p,0)| < 4| ———.
Z00.0) <[ T 55

(6)

The normalized Zernike circle polynomials meet the fol-
lowing orthonormality condition:

fo p,0)pdpdf
fo pdpd9

where J/ is the Kronecker delta function.

- (5]']" ) (7)
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The orthonormal Zernike circle polynomials can be sorted
by either the single index, j, or the double indices, n and m.
The former is useful for describing Zernike expansion coeffi-
cients while the latter is useful for unambiguously describing
the functions. To convert a given value j to n and m, one can
use the following relationships [36]:

n=|(vai—1+05)-1|.

2 % {WJ ’ n is even,
e . ®)
2 % {MJ —1, nisodd,

where |x| denotes the floor function that gives as output the
greatest integer less than or equal to x. For example, |2.4] = 2.
To convert given values of n and m to j, the following relation-
ship can be used:

7'1(@_])—&-17 m=0,

©)
[@Mn,@wnﬂ}, m# 0.

Table 2 lists the first 37-term real orthonormal Zernike
circle polynomials in the polar and Cartesian coordinate sys-
tems and the values for n, m, and j.

The non-normalized real Zernike circle polynomials can be
obtained by dropping the normalization factors from the nor-
malized Zernike circle polynomials as:

R"(p)cosmf, m # 0, jis even,

Zi(p,0) =Z;(p.0) = § R"(p)sinmf, m # 0, j is odd,

RZI(P)v m=0.
(10)
They satisfy the following relationship:
1Z(p.0)| < 1. (11)

The orthogonality of non-normalized Zernike circle poly-
nomials can be written as:

027T fole(p,H)Zj/(p,Q)pdpda _ 140w
T ) pdpdd 2+ 1)

5. (12)

Note that the integral in the denominator is equal to 7.
Figures 7 and 8 show the three-dimensional (3D) visualiza-
tion of the non-normalized Zernike circle polynomials up to
the sixth degree and their corresponding interferometric fringe
patterns as in optical testing [37].

2.1.1.2. Complex Zernike circle polynomials. =~ The Zernike
circle polynomials in the complex domain were not defined in
Noll’s original definition [9]. However, they can be obtained
based on Bhatia and Wolf’s work [3] by replacing the azi-
muthal functions in real Zernike circle polynomials with

a complex exponential function. The orthonormal complex
Zernike circle polynomials can be written as [4]:

Vi(p,0) = Vn+ 1R, (p) exp(ilf), (13)

where n is a non-negative integer, / is an integer, n — |l > 0
and is even. The radial polynomial is defined as:

(n=l1) /2 (1 (n—s)

s! (%—s)!(%—s)!p

The normalized complex Zernike circle polynomials meet
the following orthonormality condition:

n—2s

(14)
s=0

27l * g/
o o VE(p,0)] VI (p,0) pdpde
27l
o Jo pdpdd
where * denotes complex conjugate.

The non-normalized version of the complex Zernike circle
polynomials are defined as [32]:

:611’5nn’~ (15)

Vi (p:0) = Ry (p) exp(ilf). (16)
The orthogonality can be expressed as:
2wl * ot
o Jo Va(p0)] Vi, (p,0)pdpdd 1 508 an
2 1l = "Onn’-
o Jo pdpdd ntl

The complex and real definitions of Zernike circle polyno-
mials are related via the Euler’s formula [3, 32]. The complex
version is useful to define Zernike moments in image analysis,
which will be discussed in section 4.6.

2.1.2. The OSA/ANSI indexing scheme. The OSA/ANSI
indices for Zernike circle polynomials were initially developed
by an OSA Standards Taskforce in 1999 to reach consensus
recommendations on definitions, conventions, and standards
for reporting of optical aberrations of human eyes [26, 27]. It
was later standardized in ANSIZ80.28 [13, 14] and ISO 24157
[15, 17] and adopted in some commercial software, such as
COMSOL Ray Optics Module [38].

The Zernike circle polynomials in the OSA/ANSI indices
employ aright-handed coordinate system, as shown in figure 9,
and are defined in the real domain as [13, 14, 26, 27].

N"RI™ (p)cos(mB), m >0,
NzR) (p)sin(|m] 0), m <0,
(18)

Z](pve) :Z::l(p70) = {

where n is a non-negative integer, m is an integer, n — Iml > 0
and is even, j is a mode-ordering number starting from 0. The
radial polynomial, R (p), is defined as:

(n—|ml)/2

R"(p)= >

s=0
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Table 2. First 37-term orthonormal Zernike circle polynomials under the Noll indices [25, 36].

J m Zi(p, ©) Zi(x, y) Aberration
1 0 1 1 Piston
2 1 2pcosf 2x x-tilt
3 1 2psiné 2y y-tilt
4 0 V3(20°-1) V3R +yH) —1] Defocus
5 2 V6p’sin26 2+/6xy 45° Primary
astigmatism
6 2 V6p* cos 20 V6(x* —y?) 0° Primary
astigmatism
7 1 V8(3p® —2p)sind V8y[3(x* + y 2 —2] Primary y-coma
8 1 V8(3p® —2p)cost V8x[3(x? —|—y 2 —2] Primary x-coma
9 3 V/8p® sin36 V8 y(3 )
10 3 V/8p’cos3h V8x(x* — 3y2)
11 0 V5(6p* —6p% +1) VE16(x* +y2)? — 6(x* +y*) + 1] Primary spherical
aberration
12 2 V10(4p* —3p%)cos26 VIO —y)[4(x* 4+ ¥*) = 3] 0° Secondary
astigmatism
13 2 V10(4p* —3p%)sin26 24/10xy[4(x* +y?) = 3] 45° Secondary
astigmatism
14 4 V10p*cos46 VI10[(* 4+ %) — 8x%y?]
15 4 /10p*sin40 4v/10xy(x* — y?)
16 1 V12(10p° — 12p° + 3p) cos b VI2x[10(x? 4+ y*)? — 12(x* +y*) + 3] Secondary x-coma
17 1 V12(10p° — 120 4 3p) sin@ VI2y[10(x* +y*)? = 12(x* +¥*) + 3] Secondary y-coma
18 3 V12(5p° —4p%) cos 360 V12x(x? 3 )[5(x2 +y2)74]
19 3 V12(50° —4p*)sin30 V12y(3x* —y )[S(x +y ) 4]
20 5  V12p°cos56 V12x[16x* 20x( ¥+ 57 +y )2
21 5  V12p°sin56 V12y[16y* —20y* (2 + ) + 5(x* +*)?]
22 0 V7(20p% — 300" + 12p% — 1) VTR20(6* 4+ %) — 30(x2 +y)2 4+ 1202 +y%) — 1] Secondary spherical
23 2 V14(150° — 20p* + 6p) sin 26 20/ 14xy[15(x 4 y*)* — 20(x* +*) + 6] 45° Tertiary
astigmatism
24 2 V14(15p% — 20p* 4+ 6p*) cos 20 V14 —y)[15(x% +y*)? = 20(x* 4+ ¥*) + 6] 0° Tertiary
astigmatism
25 4 V14(6p° — 5p*)sin46 4/ 1dxy(x® —y*)[6(x* +y*) — 5]
26 4 \/14(6p° — 5p*) cos46 VI4[(* +y*)? — 8x2y*][6(x% 4 ¥*) — 5]
27 6 V14p° sin 60 V1dxy[32x* — 327 (3% + y*) 4+ 6(x* +*)?]
28 6 V14p°cos60 V14320 — 48 (¥ %) +
18x2(x2 +y2)2 _ (x2 +y2)3]
29 1 4(35p" — 60p° +30p° —4p)sind 4y[35(x* ) - 60(x2 +3)? +30(6% +y?) — 4] Tertiary y-coma
30 1 4(35p" —60p° +30p° —4p)cosb 4x[35(x* 4+ y*)? 60(x +39)2 430022 4+ y*) — 4] Tertiary x-coma
31 3 4(21p" —30p° + 10p)sin36 4y(3x* — )[21(x +y’ )2 30(x* +?) + 10]
32 3 4(21p" —30p° +10p°) cos 30 4x(x® — 3y )[21(x +3%)? =30(x* +y%) + 10]
33 5 4(7p" —6p°)sin50 4Ay(x* —y)) +y(F +y7) — 8x%y]
x[7(* +5°) — 6]
34 5 4(7p" — 6p’) cos 50 4lx(x* +y7)? — 8x'y? — dny? (F — y)]
x[7(* +y7) — 6]
35 7 4p"sin76 87 y[3(x* +y7)* — 16x7y]
; +Hay (@ =) +7)° — 16x°)7]
36 7 A4picosTh 4x(r® =) [ +5)? — 16x°y7]
—8xy”[3(x* +y%)* — 16x%7]
37 0 3(70p° —140p° + 900" —=20p" + 1) 3[70(:* +y2)* — 140(:* +y°)? Tertiary spherical

+90(x* +%)* = 20(x* +°) + 1]

9
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Figure 7. Pyramid of the non-normalized Zernike circle polynomials up to the sixth degree under the Noll indexing scheme.
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Right Eye

Clinician’s View of Patient

Left Eye

Figure 9. Conventional right-handed coordinate system for the eye in Cartesian and polar forms.

The normalization factor, N}, can be written as:

2(n+1)

N'=,| —=. 20

"I T e

The Zernike circle polynomials under the OSA/ANSI

indices can be sorted by either the single index, j, or the double

indices, n and m. To achieve conversion among these indices,
one can use the following relationships [26, 27]:

. n(n+2)+m

B

{_3+¢9Tsﬂ
2 i

m=2j—n(n+2), 21
where [x] denotes the ceiling function that gives as output the
least integer greater than or equal to x. For example, when
j=4,n=1[17] =2, m = 0. Table 3 lists the first 37-term
Zernike circle polynomials in the OSA/ANSI indices and the
values for n, m, and j.

2.1.3. The Fringe indexing scheme.  The Zernike circle
polynomials under the fringe indexing scheme (also known
as the USAF set) were first developed by John Loomis in an
interferogram analysis program called FRINGE at the Uni-
versity of Arizona, Optical Sciences Center in the 1970s
[10, 11, 40, 41]. They are a low-order Zernike set supplemen-
ted with radial polynomials of higher order and are preferred
for lens design and optical metrology because they group
terms according to optical wavefront aberration order [42, 43].

The Zernike circle polynomials under the fringe indices do
not have normalization factors and can be written as:

R (p)cos(mb), m >0,

(22)
R (p)sin(|m| 6), m <0,

%@ﬁ)—lﬂm9%—{

where 7 is a non-negative integer, m is an integer, n — Iml > 0
and is even, j is a mode-ordering number starting from O (In
CODE V and Zemayx, j starts from 1 instead of 0). The radial
polynomial is expressed as:

(n—|m])/2

RLm| — Z

s=0

(=1)’(n—s)!

NIC TN CETATY

Note that the above formulas are modified from the Wyant
and Creath formula [19] to facilitate comparisons with other
indices. The final mathematical expression for each term, as
listed in table 4, is the same as that in Wyant’s notation.

Defining N = (n + Iml)/2, Zernike fringe polynomials can
be sorted as follows. First arrange N in ascending order from
0 to 6; then sort n in ascending order for a given value of N;
finally organize m in descending order for given values of N
and n. Compared with other Zernike sets, the Zernike fringe set
is unique in the sense that it only has 37 terms (N < 6). This
small polynomial set is useful for interferogram analysis and
automatic lens design and is widely adopted in commercial
optical software, such as Zemax [25], CODE V [29], OSLO
[44, 45], and MetroPro [46].

n—2s

(23)

2.14. The ISO-14999 indexing scheme.  The ISO-14999
indices were first published by ISO in the ISO/TR 14999-2
technical report in 2005 [28] for the description of wavefront
in interferometric measurement of optical elements and optical
system and then updated in 2019 [16].

The Zernike circle polynomials under the ISO-14999
indexing scheme do not have normalization factors and can
be written as [16, 28]:

R (p)cos(mb), m >0,

(24)
R (p)sin(|m| ), m <0,

ammﬁwm{
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Table 3. First 37-term Zernike polynomials under the OSA/ANSI indices [14, 27, 39].

j m Z; Aberration

0 1 Piston

1 -1 2psinf y-tilt

2 1 2pcost x-tilt

3 -2 V6p?sin20 45° Primary astigmatism
4 0 V3207 - 1) Defocus

5 2 V6p* cos20 0° Primary astigmatism
6 -3 \/§p3 sin30

7 —1 V8(3p® —2p)sind Primary y-coma

8 1 V8(3p* —2p)cosh Primary x-coma

9 3 V/8p* cos 36

10 —4 V10p* sin46

11 -2 V10(4p* — 3p?)sin26 45° Secondary astigmatism
12 0 V5(6p* —6p* +1) Primary spherical aberration
13 2 V10(4p* — 3p?) cos26 0° Secondary astigmatism
14 4 V10p* cos 46

15 -5 V12p’sin50

16 -3 V12(5p° — 4p*)sin360

17 -1 V12(10p° — 12p° +3p)sind Secondary y-coma

18 1 V12(10p° — 12p* +3p) cos 0 Secondary x-coma

19 3 V12(5p° —4p*)cos 30

20 5 V12p° cos 50

21 -6 V14p°sin 66

22 —4 V14(6p% — 5p*)sin46

23 -2 V14(150° — 20p* + 6p) sin20 45° Tertiary astigmatism
24 0 V7(20p° —30p" + 12p* — 1) Secondary spherical

25 2 V14(150° — 20p* + 6p%) cos 26 0° Tertiary astigmatism
26 4 V14(6p° — 5p*) cos 40

27 6 V14 cos 60

28 7 -7 40’ sin70

29 -5 4(7p" —6p°)sin50

30 -3 4(21p" —30p° + 10p*)sin30

31 -1 4(35p" — 60p° +30p° —4p)sind Tertiary y-coma

32 1 4(35p" — 60p° +30p° — 4p)cosf Tertiary x-coma

33 3 4(21p7 —30p° + 10p*) cos 360

34 5 4(7p" — 6p°) cos 50

35 7 4p’ cos70

36 8 -8 V18p%sin 86

where 7 is a non-negative integer, m is an integer, n — Iml > 0
and is even, j is a mode-ordering number starting from 0 (j = 0,
1,2, ..., 00). The radial polynomial is expressed as:

(n—|ml)/2 (_1)‘Y(n—s)! n—2s

RIml — 0
S () (e

(25)

Defining N = n + Iml, the Zernike circle polynomials under
the ISO-14999 indices are sorted as follows. First arrange N in
ascending order from O to oo; then sort n in ascending order
for a given value of N; finally organize m in descending order
for given values of N and n. One may find that the ISO-14999

indices share almost the same definition as the fringe indices
except that the former contains infinite terms. Actually, the
fringe set is a subset of the ISO-14999 set, which is called
the Extended Fringe Zernike Polynomials in CODE V [29].
Table 5 lists the first 37 terms of the ISO-14999 set and the
values for n, m, N, and j.

2.15. The Born and Wolf indexing scheme. 1In the clas-
sic textbook Principle of Optics, Born and Wolf reviewed
the definition of Zernike circle polynomials and used it for
the expansion of aberration functions [32, 47]. Many people
[12, 48] later follow the Born and Wolf definition and treat it
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Table 4. Fringe set of the Zernike circle polynomials [19, 25, 29].

j N n m Zi(p, 6) Aberration

0O 0 O 0 1 Piston

1 1 1 +1 pcosf Tilt X

2 I -1 psinf Tilt Y

3 20 207 —1 Defocus

4 2 2 42 p2 cos26 Astigmatism X

5 2 =2 p>sin20 Astigmatism Y

6 3 +1 (3p° —2p)cosf Coma X

7 3 -1 (3p° —2p)sind ComaY

8 4 0 6p* —6p° + 1 Primary spherical

9 3 3 43 p° cos 30 Trefoil X

10 3 -3 p°sin30 Trefoil Y

11 4 42 (4p* —3p?) cos26 Secondary X astigmatism
12 4 =2 (4p* —3p)sin20 Secondary Y astigmatism
13 5 +1 (10p° —12p* 4+ 3p) cos Secondary X coma

14 5 -1 (10p°> — 129 4 3p)sinf Secondary Y coma

15 6 0 200° —30p* + 120 — 1 Secondary spherical
16 4 4 +4 ptcos4b Tetrafoil X

17 4 —4 p*sin40 Tetrafoil X

18 5 43 (Sp5 — 4p3)cos 30 Secondary X trefoil

19 5 -3 (50° —4p° )sin30 Secondary Y trefoil

20 6 42 (15p — 20p + 6p )cos26 Tertiary X astigmatism
21 6 -2 (15p° — 20p +6p° )sin20 Tertiary Y astigmatism
22 7 +1 (350" — 60,0 + 30p —4p)cosh Tertiary X coma

23 7 -1 (35p —60p° +30p° —4p)sind Tertiary Y coma

24 8 0 7008 — 1400° +90p* —20p% + 1 Tertiary spherical

25 5 5 +5 p° cos 56 Pentafoil X

26 5 -5 p° sin50 Pentafoil Y

27 6 +4 (6p° — 5p*) cos 46 Secondary X Tetrafoil

28 6 —4 (60° — 5p%) sin46 Secondary Y Tetrafoil

29 7 43 (21p" —30p° 4 10p) cos 36 Tertiary X Trefoil

30 7 =3 (21 p7 —30p0° + 10p) sin36 Tertiary Y Trefoil

31 8 42 (56p 105p6 + 6Op4 — 10p2) cos26 Quaternary X astigmatism
32 8 -2 (56p° — 1050° + 60p* — 10p? )sin 20 Quaternary Y astigmatism
33 9 +1 (126p° — 280p + 210p — 60p +5p)cosd Quaternary X coma

34 9 -1 (126p° — 280p + 210p —60p° + 5p)sinf Quaternary Y coma

35 10 0 252p'% — 6300 +5600° — 210p* +30p% — 1 Quaternary Spherical

36 6 12 0 924p'2 — 2772p" 4 31500% — 16800° + 420p* — 42> + 1

as the ‘standard’ indexing scheme. However, as pointed out
in Born and Wolf’s book (appendix VII in the 7th expanded
edition [32]), the indices actually originated from Bhatia and
Wolf’s work published in 1954 [3].

The Zernike circle polynomials under the Born and Wolf
indices do not have normalization factors and can be written
as [3, 32]:

RIM () cos(m),
RIm|

n

m=0,
Zi(p,0) = Z;(p,0) = { (26)

(p)sin(|m[0), m <0,

where 7 is a non-negative integer, m is an integer, n — Iml > 0
and is even, j is a mode-ordering number starting from 1 (j =1,

2, ..., 00). The radial polynomial is expressed as:
(n—Iml)/2 s
-1 —s)!
RLm| — § ( ) (}’l S) n—2s (27)

P
5! (n+2|m\ - S)' (nfz\m\ - S)'

The Zernike circle polynomials under the Born and Wolf
indices are sorted as follows. First arrange n in ascending
order from O to co and then sort m in descending order for

s=0
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Table 5. First 37-term Zernike circle polynomials under the ISO-14999 indices [16, 28].

J N n m Z; Aberration

0 0 0 0 1 Piston

1 2 1 1 pcosf x-Tilt

2 1 —1 psinf y-Tilt

3 2 20* -1 Defocus

4 4 2 2 p*cos26 0° Primary astigmatism

5 2 -2 psin20 45° Primary astigmatism
6 3 1 (3p° —2p)cosf Primary x-coma

7 3 -1 (3p° —2p)sind Primary y-coma

8 4 6p* —6p” + 1 Primary spherical aberration
9 6 3 3 p°cos 30

10 3 -3 p°sin30

11 4 2 (4p* — 3p%) cos26 0° Secondary astigmatism
12 4 -2 (4p* —3p%)sin20 45° Secondary astigmatism
13 5 1 (10p° — 12> 4+ 3p) cos Secondary x-coma

14 5 -1 (10p° — 12> 4+ 3p) sin6 Secondary y-coma

15 6 0 200° —30p* + 127 — 1 Secondary spherical

16 8 4 4 p*cos4h

17 4 —4 psin4d

18 5 3 (50° —4p®) cos36

19 5 -3 (50° —4p)sin30

20 6 2 (15p% — 20p* 4+ 6p?) cos 20 0° Tertiary astigmatism

21 6 -2 (15p% — 20p* + 6p?) sin26 45° Tertiary astigmatism
22 7 1 (35p" — 60p° +30p> — 4p) cosf Tertiary x-coma

23 7 -1 (35p" — 60p° +30p° — 4p)sind Tertiary y-coma

24 8 0 7008 — 1400° +90p* — 20p% + 1 Tertiary spherical

25 10 5 5 p° cos 56

26 5 -5 p’sin’50

27 6 4 (6p° — 5p") cos46

28 6 —4 (6p° — 5p%) sin46

29 7 3 (21p" —300° + 10p®) cos 30

30 7 -3 (21p" —30p° + 10p”) sin30

31 8 2 (56p°% — 1050° + 60p* — 10p?) cos 20 0° Quaternary astigmatism
32 8 -2 (56p% — 1050° + 60p* — 10p?)sin26 45° Quaternary astigmatism
33 9 1 (126p° — 280p" 4 210p° — 60p* + 5p) cos § Quaternary x-coma

34 9 -1 (126p° — 280p" 4 210p° — 60p° + 5p) sind Quaternary y-coma

35 10 252p" — 630p% 4 5600° — 210p* +30p% — 1 Quaternary spherical

36 12 6 6 p° cos66

a given value of n. The Born and Wolf indices are used by sev-
eral authors [12, 48] and software [29]. For example, although
the software CODE V does not explicitly define the standard
Zernike polynomials, the tabulated polynomials in its manual
[29] have the same expressions as those in the Born and Wolf
indices. Table 6 lists the first 37-term Zernike polynomials
under the Born and Wolf indices and the values for n, m,
and j.

2.1.6. The Malacara indexing scheme. Different from the
aforementioned five indexing schemes, the Malacara indices
use a different coordinate convention, where the polar angle,
0, is measured clockwise from the +y-axis. The Zernike circle

polynomials under the Malacara indices do not have normal-
ization factors and can be written as:

ml(p) sin(m6 0
Zj<p,e>=z;"<p,e>={R" (p)sin(mé), m= 0, g,

R!™(p)cos(mh), m <0,

where 7 is a non-negative integer, m is an integer, n — Iml > 0
and is even, j is a mode-ordering number starting from 1 (j =1,

2, ..., 00). The radial polynomial is expressed as:
(n—|ml)/2 s |
|m| __ (_1) (}’l—S) n—2s
Rn Z ' nt|m| | n—lm| 'p (29)
s=0 S. B ) N
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Table 6. First 37-term Zernike circle polynomials under the Born and Wolf indices [29].

J n m Zi(p, ) Aberration

1 0 0 1 Piston

2 1 1 pcosf x-tilt

3 -1 psinf y-tilt

4 2 2 p*cos20 0° Primary astigmatism
5 0 207 — 1 Defocus

6 -2 p*sin20 45° Primary astigmatism
7 3 3 p*cos30

8 1 (3p° —2p)cost Primary x-coma

9 -1 (3p° —2p)sind Primary y-coma

10 -3 p°sin30

11 4 4 p*cos46

12 2 (4p* — 3p?) cos 26 0° Secondary astigmatism
13 0 6p* —6p> +1 Primary spherical aberration
14 -2 (4p* —3p?)sin20 45° Secondary astigmatism
15 —4 p*sin46

16 5 5 p° cos50

17 3 (50° —4p®) cos 36

18 1 (10p° — 120 4+ 3p) cos Secondary x-coma

19 -1 (10p° — 129 4 3p) sinf Secondary y-coma

20 -3 (50° —4p*)sin36

21 -5 p°sin50

22 6 6 08 cos 60

23 4 (6p° — 5p%) cos 46

24 2 (15p% —20p* 4+ 6p?) cos 20 0° Tertiary astigmatism
25 0 200° —30p* +12p% — 1 Secondary spherical

26 -2 (1505 —20p* 4+ 6p?) sin26 45° Tertiary astigmatism
27 —4 (6p° — 5p*) sin40

28 -6 p°sin66

29 7 7 p cos76

30 5 7p" —6p°) cos 50

31 3 (21p" —30p° + 10p*) cos 36

32 1 (35p" — 60p° 4+ 30p° — 4p) cosd Tertiary x-coma

33 -1 (35p" — 60p° +30p° — 4p)sind Tertiary y-coma

34 -3 (21p" —30p0° 4+ 10p%)sin36

35 -5 (7p" — 6p°) sin50

36 -7 p’ sin76

37 8 8 P8 cos 86

The Zernike circle polynomials in the Malacara indices
have the same ordering scheme as the Born and Wolf indices
and are sorted as follows. First arrange n in ascending order
from O to oo and then sort m in descending order for a given
value of n. The Malacara indices are mainly used in the first
and second editions of the well-known book Opftical Shop
Testing [30, 31], the third edition of which, however, defines
the Zernike circle polynomials under the Noll indexing scheme
[36]. Table 7 lists the first 37-term Zernike circle polynomials
under the Malacara indices and the values for n, m, and j.

2.1.7 Comparisons.  The different indexing schemes of
Zernike circle polynomials are compared and summarized
in table 8 from the perspectives of coordinate system, nor-
malization, and ordering strategy. In particular, the sort-
ing of the polynomials under different indices is shown
in figure 10 for the first few degrees. An illustration of
the sources and applications of the six indices is presen-
ted in figure 11. For convenience, the Noll indices will be
used in the remaining part of the article unless otherwise
stated.
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Table 7. First 37-term Zernike circle polynomials under the Malacara indices [31].
J n m Zi(p, ) Aberration
1 0 0 1 Piston
2 1 1 psinf x-tilt
3 -1 pcosf y-tilt
4 2 2 p*sin20 0° Primary astigmatism
5 0 207 — 1 Defocus
6 -2 p*cos20 45° Primary astigmatism
7 3 3 psin30
8 1 (3p° —2p)sind Primary x-coma
9 -1 (3p° —2p)cosh Primary y-coma
10 -3 p’cos30
11 4 4 p*sin40
12 2 (4p* —3p?)sin20 0° Secondary astigmatism
13 0 6p* —6p> +1 Primary spherical aberration
14 -2 (4p* — 3p?) cos 26 45° Secondary astigmatism
15 —4 p4 cos46
16 5 5 p°sin50
17 3 (50° —4p®)sin30
18 1 (10p5 —120° + 3p)sind Secondary x-coma
19 -1 (10p° — 129 4 3p) cos Secondary y-coma
20 -3 (50° —4p*)cos30
21 -5 p° cos50
22 6 6 08 sin60
23 4 (6p° — 5p%) sin44
24 2 (15p% — 20p* 4 6p?) sin26 0° Tertiary astigmatism
25 0 200° —30p* +12p% — 1 Secondary spherical
26 -2 (15p5 — 20p* + 6p*) cos 20 45° Tertiary astigmatism
27 —4 (6p° — 5p*) cos 46
28 -6 p°cos 60
29 7 p’ sin76
30 5 (7p" — 6p°) sin50
31 3 (21p" —30p° 4+ 10p*) sin30
32 1 (35p" — 60p° +30p° — 4p)sind Tertiary x-coma
33 -1 (35p" — 60p° 4+ 30p° — 4p)cosd Tertiary y-coma
34 -3 (21p" —300° + 10p*) cos 30
35 -5 (7p" — 6p°) cos 56
36 -7 p’ cos70
37 8 8 p®sin86

2.2. Mathematical properties

In this section, we review major mathematical properties
of Zernike circle polynomials, including orthogonality, sym-
metry, Fourier transform, integral representation of radial
polynomials, derivatives, and recurrence relations. For more
properties, one can refer to [51, 52].

2.2.1. Orthogonality. ~ The orthogonal relationships of real
and complex Zernike circle polynomials have been presented
and can be found in equations (7), (12), (15) and (17).
Moreover, the radial and azimuthal functions of Zernike circle
polynomials are also orthogonal and satisfy the following
relationships [36]:

16

1
1
R (p)R", dp=———0pn/ 30
| REORL Gt = 5 GO
cosmfcosm’'f, jandj' are both even
/2” cosmfsinm’, jis even and;’ is odd "
0 sinmfcosm’6, jis odd andj’ is even
sinmfsinm’0, jandj’ are both odd 31

7(1 + 0n0)Omm-, j and j" are both even;
= { T, jandj’ are both odd;

0, otherwise.

Note that the Noll indices are used here.
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Figure 11. Summary of the different indexing schemes and their sources. ZPs: Zernike polynomials.
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2.2.2. Symmetry. The symmetry of Zernike circle polyno-
mials can be expressed as:

Z(p,6) = (~1)"Z}(p,6 + 7). (32)

2.2.3. The Fourier transform.  Define the Fourier transform

pair as:

Zi(u,v) = //Zj(x,y) exp [—i27 (ux + vy)|dxdy, (33)

Zi(x,y) = //Zj(u,v) exp [127 (ux + vy)|dudy, 34)

where Z; is the Fourier transform of Z; and (u, v) are Cartesian
coordinates in the frequency domain. Use (7 ¢) to denote the
polar coordinates in the frequency domain and apply the trans-
formation relationships x = pcos, y = psinf, u = rcose,
v = rsing, the Fourier transform of Zernike circle polynomials
can be written as [9, 53]:

Zj(r,¢)
27 1

Zi(p,0) exp[—i2mrpcos(8 — ¢)] pdpdd
m(—l)"/z_mw cos(mep), m#£0, jiseven,
V2 (1) B Gin(mg),  m £ 0, jis odd,
ST

0

(=

m=0,

(35)

where J,(x) is the nth-order Bessel function of the first kind
and is defined as [54]:

s
X

2

(f 1 ) ( ) n+2s
sl(n+s)! '
The Fourier transform of Zernike circle polynomials is use-
ful for the conversion between Zernike coefficients and Four-
ier series coefficients of a wavefront [53].

@) =>"

s=0

(36)

2.2.4. Integral representation of radial polynomials.  Sub-
stituting equation (35) into the inverse Fourier transform
of Zernike circle polynomials (equation (34)), an integ-
ral representation of Zernike radial polynomials can be
obtained as [2, 6]:

n—m

RY(p)=2m(—-1) 7 /OOJ,H_] 2nr)dw(27rp) dr.  (37)
0

This integral representation is useful for deriving a
recurrence relation of the derivatives of Zernike radial
polynomials [9].

2.2.5. Derivatives.  The integral representation for the radial
polynomials provides a good starting point for calculating
derivatives. The derivatives of radial polynomials can be writ-
ten in a recursion relation as [9]:

deznilz(P)

dp

R (p)

_ |m]—1 |m]|+1
dp =n Rn—l (p)+Rn—l (p) +

(3%

In polar coordinate system, the partial derivatives of
Zernike circle polynomials under the Noll indices with respect
to x and y can be written as [18, 55]:

8Zj(p70) A der:m (p) Iml er:nl (p) d@lml (9) :
o =N, [TQ (0)cosf — ——== 0 sinf| ,
0Zi(p,0) _ o [ARI (D) iy Ry (p) 46" ()
Dy =N, [ i ©"(0)sinf + T 0sf|,
(39)

where the normalization factor and the azimuthal function are:

2(n+1)
N'=,| —F%, 40
n (l+5m()) ( )
cos|m|f, m+#0, jiseven,
©"(0) = sin|m|d, m#£0,jisodd, 41)
1, m=0.

In Cartesian coordinate system, the partial derivatives of
Zernike circle polynomials under the OSA/ANSI indices with
respect to x and y can be written as [14]:

n—1

%) :(1+5,,,o>l SO (0 1)z, Y

Ox n'=|m|+1

n—1
i (1 75",0)(1 75'"7_1) Z (n/Jr I)anm()nl)],
n'=|m|—1

0Zi(x,y) _ (1 4 80) "z_:l (n' + 1)z, ~ T (m+D

ay ! |m| n'=|m|+1 ’

n—1
— (1= 8)(1 =) > (0 + 1)z, "D
n’=|m|—1

|

(42)

where n’ increases with a step of 2 in the summations and in
the case that (Iml + 1) is larger than (n — 1), the first summation
term does not exist. The Cartesian derivatives of Zernike circle
polynomials can also be obtained using recurrence relations,
as reported in [55-57]. The derivatives of Zernike circle poly-
nomials are useful for certain problems, such as ray tracing in
optical design [58] and wavefront reconstruction in wavefront
sensing [22, 24].
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2.2.6. Recurrence relations.  Computation of high-order of
Zernike circle polynomials is necessary for some applications,
such as Zernike moments-based image analysis. Although the
radial polynomials are explicitly formulated (equation (19)),
direct numerical computation suffers from the problem of
low computational efficiency and possible cancellation errors
[59-61]. To deal with these problems, various recurrence rela-
tions have been proposed for evaluating the radial polynomials
[60—64]. Here we briefly review four widely-used recurrence
methods, including the modified Kintner method [59, 65],
the Prata’s method [66], the g-recursive method [59], and the
Shakibaei and Paramesran method [62].

The modified Kintner method was first proposed by Kintner
in 1976 [65] and improved by Chong et al in 2003 [59] by
adding recurrence relations for special cases whenn — m =0
and 2. The improved recurrence relation can be expressed as:

o', whenn —m =0,
=< np'—(n—1)p" 2, when n—m=2,
L [(kat? + k)R (p) + KRy (p)] when n—m = 4,6,8,...,

(43)

1
er

where n and m are non-negative integers and satisfyn —m > 0
and n — m = even,; the coefficients are given by:

b= 3 (et m)(n—m)(n—2)
kry=2n(n—1)(n—2),
ky=-—m*(n—1)—n(n—1)(n—-2),

k4:—%n(n+m—2)(n—m—2). (44)

The modified Kintner method is a degree-varying (n-varying)
approach that computes radial polynomials at higher order
from those at lower order for a fixed value of m.

The Prata method was proposed by Prata and Rusch in 1989
[66] and the recurrence relation can be written as:

R(p) = o, whenn—m =0,
P = klpRr‘lriilll(p)+k2R:l’72(p)7 Whennim:274565"'a
(45)
where,
2n m—n
k= = . 46
e kT (46)

The g-recursive method was proposed by Chong et al [59]
and the three-term recurrence relation can be written as:

o, whenn—m =0,
np" —(n—1)p" 2,
KR () + (k2 + %) RM™2(p), whenn —m =4,6,8, -,

47

R:;‘l(p): whenn—m:2,
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where the coefficients are given by:

k= (m+4)2(m+3) (it 4
+k3(n—|—m+§8)(n—m—4)7

NNEPEE TS

ks — — 4m+2)(m+1) 48)

(n+m+2)(n—m)’

Different from the modified Kintner method and the Prata
method, the g-recursive method is an m-varying method that
computes radial polynomials at lower m from those at higher
m for a fixed radial order n.

The Shakibaei and Paramesran method uses a particularly
simple recursion, in which a radial polynomial is expressed as
a linear combination of three earlier computed radial polyno-
mials as [62]:

R () = o[R! (0) + RIZ ()] = Ria(p). (49)

The recursion can be initialized with the conditions
R)(p) =1 and R”(p) = 0 when n < m. According to [67], the
speed and accuracy of the recursion outperforms the Prata

method and the g-recursive method in an image processing
setting.

2.2.7 Summary.  The mathematical properties of Zernike
circle polynomials are summarized in table 9.

2.3. Wavefront fitting

2.3.1 Mathematical formulation. ~ A wavefront function W
defined over a unit circle can be represented by the linear
combination of finite terms of Zernike circle polynomials
as [31, 34, 68, 69]:

J

> aiZi(p,0),

j=0

W(Rp,0) (50)

where R is the radius of the pupil, 0 < p < 1, J is the maximum
number of terms of the polynomials, a; is the expansion coef-
ficients, and Z; is the jth-term Zernike circle polynomial. The
equation can be equivalently expressed in Cartesian coordin-
ates as:

J

W(x7y) = Zaij(x,y).

=0

(51)
Written in discrete and matrix forms, equation (51)

becomes:

Aa=W, (52)
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Table 9. Properties of Zernike circle polynomials and their radial polynomials.

Properties Radial polynomials Zernike circle polynomials
Commutativity® <R;:’,R;;’/> — [V RIRY dp= <R;",',R7> (Z,2) = [ [ ZiZpdpdd = (Z;, Z;)
Homogeneity” <cRZl,RZl,/> = fol cRZ’RZ',,dp =c <RZl,RZl,I> (cZi,Z;) = 027r fol cZiZipdpdb = ¢ (Z;, Z;)
Distributivity <R;:’,R;",' +R;"/,’> - <R:,",R;"/> + <R:,",R;",’,’> (20,2 + Z0) = (Z0,Z)) +(Z0, Z4)

Zero mean value

Zj= [+ Z(p,0)pdpdf =0, j #0

Orthogonality ﬁ)l R (p)R™ (p) pdp = 2(r117+1)5"”' Non-normalized real ZPs:
27l
Normalized real ZPs:
27
215 Jo 2% (p)pdpdd = &0
Non - normalized complex ZPs:
27 rl * ’
% 0 f() [Vlrf(p)] Vnm’ (p)pdpd0 = ﬁ(smm’énn’
Normalized complex ZPs:
% 0277 fOl [V;n(p)]* VZ”/ (p)pdpde = 6mm’5nn’
Symmetry Ri'(p) =R, " (p) Z,(p,0) = (=1)"Z}(p,0 + )
Zi(k,¢)
V2(n+ 1)(—1)””””@ cos(mp), m#0,jiseven
Fourier — w2 iy 2R) .
transform = 2(n+1)(-1) wH=—sin(m¢), m#0, jisodd
(n+ 1)(—1)"/2 20 m=0
Integral R (p) =2m(=1)"7 [ Jus1 (270K) I (2mkp) dk  —
representation
" dem‘ angz’ 9) — |:6Ran (p) @m(e) COSQ _ Rn (p) a@ao(e) Sil’l 9:|
Derivative W) [RIM (0) + R ()] + S i Lo
9Z;(p,0) _ [ ORY(p) 0" (0)sin0 + X (p) 90™(0) . <o
Oy ap o0
11 1 11 111
Recurrence R, = o [(kzpz +k3)Ry_2(p) + k4Rn74(P)}
relation - ! m—1] -
Ry (p) = kipR,~, " (p) + kaRy—2(p) —
n 1 k 1
Ri(p) = kiR, (p) + <k2 " p%) Ry (p)
% Angle brackets denote the inner product of two functions.
b ¢ is a constant.
where, system, where there are more equations (K) than unknowns
(J). It can be written into the normal equation [34, 68]:
[ Zi(xi,n)  Za(xn) Zy(x1,51) T T
A Zi(x2,y2)  Za(x2,)2) Zj(x2,2) A'Aa=A"W, G4
: : : where the superscript T denotes matrix transpose. The solution
| Zi(xk,9k) - Za(xk,yk) Zy(xk, k) can be obtained by matrix inversion as:
[ a W(x1,y1)
TAV—IAT
a W(x2,y2) a=(A"A)"TA'W. (55)
a= W= . ; (53)
: Figure 12 shows an example illustrating circular wave-
| W(xk,yk) front decomposition using orthonormal 37-term Zernike circle

where K is the total number of data points within the unit
circle. Generally, equation (52) is an overdetermined linear

21

polynomials under the Noll indices. The amplitude of each
coefficient indicates the strength of corresponding aberrations
(table 2).
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Figure 12. Wavefront decomposition using orthonormal Zernike circle polynomials under the Noll indices: (a) wavefront and (b) 37

expansion coefficients.

Table 10. Properties of Zernike based wavefront fitting [18, 35, 36].

Property Formula

Coefficients
independence

ol w

0)Z;pdpdf

Wavefront mean W(p,0

value

0)pdpdf = ay

oy W

Wavefront mean 2 02” fol W2(p,0)pdpdd = > a;
square value =0

2

Wavefront ;

variance

The Zernike-based wavefront fitting has several useful
properties [18]. First, the truncation of the expansion of a
wavefront does not change the expansion coefficients. In other
words, the expansion coefficients are independent from each

other:
1 271' 1
— [ [ Woozmm0.
™ Jo 0

Second, all Zernike terms except the piston term have a
mean value of zero and, therefore, the mean value of a wave-
front equals the piston coefficient, i.e.:

(56)

_ 1
W(p,0) = - /E W(p,0)pdpdd = ag. (57)

Third, wavefront variance equals the sum of the square of
each expansion coefficient, excluding the piston coefficient,

ie.:

1 27 1

= - vae

[ e
-y a.
j=1

The properties of Zernike based wavefront fitting are sum-
marized in table 10.

— 2
W(p,0)]" pdpdd

(58)

22

2.3.2. Transformation of Zernike coefficients with pupil trans-
lation, rotation, or resizing. ~ Zernike polynomials and their
associated coefficients are commonly used to quantify the
wavefront aberrations of the eye. When the aberrations of dif-
ferent eyes, pupil sizes, or corrections are compared or aver-
aged, it is important that the Zernike coefficients have been
calculated for the correct position, orientation, and size of the
pupil. In this section, we discuss transformation relationships
of Zernike expansion coefficients for translated, rotated, and
resized pupils, which are shown in figure 13.

2.3.2.1. Translation. Translating a pupil (figure 13(b))
changes the expansion coefficients of a wavefront defined over
it. Assuming that the displacements along the x and the y axis
are Ax and Ay, respectively, the translated wavefront function
can be expanded using the Taylor series [14, 70] as:

W(x—
- Z

_%;Z

Ax,y — Ay)

(A = JrAyaa )SW(x,y)

(Ax —i—Ayaa ) ZM(x,y). (59)

New wavefront expansion coefficients ! can be obtained
by computing the first-order derivatives of the Zernike circle
polynomials in equation (59), which can be expressed as linear
combinations of the untransformed Zernike circle polynomials
(see section 2.2.5).

2.3.2.2. Rotation.  Rotating a pupil (figure 13(c)) similarly
changes the expansion coefficients of a wavefront defined over
it, which should be taken into consideration for applications
such as vision correction surgery [71]. For a wavefront coun-
terclockwise rotated with respect to its original coordinate sys-
tem by an angle «, transformed Zernike expansion coefficients
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Figure 13. Coordinate transformations of a wavefront: (a) original wavefront, (b) translated wavefront by Ax and Ay, (c) rotated wavefront
by an angle «, (d) resized wavefront from a larger pupil (radius: R;) to a smaller pupil (radius: R;).

b can be derived from original expansion coefficients a)
as [18]:

by M = a=m cos(|m| o) + al™sin(|m| ),

bl = —a " sin(|m| @) +al™ cos(|m| o). (60)

2.3.2.3. Resizing. Comparison of Zernike expansion coef-
ficients of wavefronts over different non-normalized pupils
requires the same aperture size. Therefore, it is necessary to
calculate expansion coefficients for an arbitrary pupil size
based on the expansion coefficients of the full pupil. Many
transformation relationships for pupil resizing have been
developed [72-81] and two simpler methods were described
by Dai [18, 82] and Janssen [79, 83].

Suppose there are two wavefronts, W and W, defined
over concentric pupils with radii of R; and R,, respectively,
as shown in figures 13(a) and (d). W, is part of W; and
R> < R;. The Zernike expansion of the wavefront W, can be
written as:

J

> biZi(p,0),

J=0

W2 (Rp,0) (61)

where 0 < p < 1, b; is the expansion coefficients in the
OSA/ANSI indices for the wavefront W5. Define a scale factor
€ = R,/R; and the expansion can also be written as:

J

Zaij(E/LH),

J=0

(62)

WZ(RZpaa) = Wl (ERlpa 9)

where a; is the expansion coefficients for the wavefront W;.
Connecting equations (61) and (62), Dai gives [18, 82]:

L("mux *”) /ZJ

>

i=0

Gf‘l (5)a21+257 (63)

where np,y is the maximum radial degree of the Zernike circle
polynomials and G/ (¢) is a resizing factor, defined as [18]:

23

Gi(e)=+/(n+2i+1)(n+1)

i

(DTt i) |
i | T ©

where i < |(nmax — 7)/2] and |x| denotes the floor function
that gives as output the greatest integer less than or equal to
x. The results suggest that the transformed expansion coeffi-
cient b is a linear combination of @;' and more untransformed
coefficients a)' are involved for the calculation of transformed
coefficients b for lower degrees. Table 11 lists the expres-
sions for the resizing factor G! () and transformed expansion
coefficients b} for nyax = 6.

In addition to the Dai’s formula (equation (63)), a concise
expression with an elegant proof is given by Janssen and Dirk-
sen as [79, 83]:

AGES Zaff, Ry (2) —RZJTZ(E)} nm=mm+2,..., (65)

n’

wheren’=n,n+2, ...,and R:’l+2 = 0. The Janssen and Dirk-
sen expression is mathematically equivalent to the Dai’s for-
mula but has the advantages of simplicity and only involving
the radial polynomials, Zernike which can provide better
numerical stability for high radial degrees.

A simple numerical simulation is presented in figure 14 to
demonstrate the idea of wavefront resizing. Figure 14(a) is
the original wavefront defined over a 3 mm-radius pupil and
its first 37 expansion coefficients, a;, under the OSA/ANSI
indices are shown in figure 14(b). Figure 14(c) illustrates the
Zernike expansion coefficients b; for the 2 mm-radius por-
tion of the original wavefront based on the conversion rela-
tionship in equation (63). Figures 14(d) and (e) show the
reconstructed wavefront using the transformed coefficients b;
and the ground truth, respectively. The wavefront difference
map is displayed in figure 14(d). The simulation suggests
that equation (63) is effective for Zernike expansion coeffi-
cients computation over an arbitrary pupil size in wavefront
resizing.
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Table 11. Resizing factor G (¢) and transformed expansion coefficients b} for nmax = 6 [18].

Nmax n [ Gfl(s) by
6 0 0 1 GY(e)a) + Gl (e)a> + Gi(e)al + Gi(e)ad
1 —V/3(1—€%)
2 V5(1 =3¢ +2e%)
3 —V7(1 — 6% +10e* — 5¢°)
1 0 e Gl(e)d{' + Gi(e)d + Gi(e)df
1 —2v2(1 —€%)e
2 V3(3 —8c2 4 5e%)e
2 0 2 GI(e)dy + Gr(e)al + G3(e)al
1 —V/15(1 — %)é?
2 V21(2 - 5¢% + 3e*)e?
3 0 & Gy(e)dy + Gi(e)al
1 —2v6(1 — %)e?
4 0 et Gi(e)dy + Gi(e)al
1 —V/35(1 — %)
0 & GY(e)d?
6 0 € Gg(e)ag
(a) (b) (c)
0.301 um 010" 0.8X10”
: 0.6 0.6
~ 0.4 = 04
Fit € 0.2 Transform § 0.2 L1
0 = PPN | PP I  ASC S oy I P | W
I o il 1 o i > i e
= ST 221 |
— =.0.4 +-0.
e S 06 < o6
- ™ -0.8 -0.8
~ -0.441 -1 105 10 15 20 25 30 35 40
- Hm 0 5 10 15 20 25 30 35 40
J
lCrop Reconstructl
(e) (f) Error x1072"
e 1.42 J—
- _ § e
—> <+

- -
1.44 —

Figure 14. Wavefront resizing example. (a) and (b) Wavefront over a 3 mm-radius pupil and its first 37 expansion coefficients a; in the
OSA/ANSI indices. (c) Transformed Zernike expansion coefficients b; for a 2 mm-radius portion of the original wavefront.
(d) Reconstructed wavefront using b;. (¢) True wavefront within the 2 mm-radius aperture. (f) Wavefront difference map between (d) and (e).

2.4. Relationships with Seidel aberrations and Strehl ratio

2.4.1. Relation with Seidel aberrations. ~ The performance of
an optical system can be characterized by the deformation

24

of the wavefront emerging from the exit pupil relative to
its reference sphere, that is, wavefront aberration, as shown
in figure 15. The wavefront aberration for a rotationally
symmetric system can be expanded by a set of power series
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Figure 15. Wavefront aberration of a rotationally symmetric optical system. W,: aberrated wavefront. W;: reference sphere. Py and P(:
object point and its Gaussian image point, respectively. (1, ¢): polar coordinates of the Gaussian image point on the image plane. Since the
optical system is rotationally symmetric, the coordinate system of the image plane can be chosen such that ¢ = 0.

Table 12. First- and third- order aberrations [84].

I n m Coefficients Expressions Aberrations

1 1 1 Win rpcos Transverse focal shift

0 2 0 Woao 0 Longitudinal focal shift
2 2 2 W 7”2 p2 cos?0 Astigmatism

0 4 0 Woao ot Spherical aberration

1 3 1 Wi rp3 cost Coma

2 2 0 Wazo 2 p* Field curvature

3 1 1 Wiy P pcosf Distortion

in the four variables (p, #) (polar coordinates of the exit pupil)
and (r, ¢ = 0) (polar coordinates of an image point on the
image plane) as [19, 20, 84, 85]:

W(p,0) = Wit p"(cos0)"

ln,m
= erpcosﬁ + W020p2
+ W040p4 + W131rp3 cosd + W222r2p200529

+ W220r2 p2 + Wi r pcosf + higher - order terms,
(66)
where [ is a non-negative integer describing the dependence
of the given term upon the distance of the image point from
the axis; n and m are two non-negative integers determining
the type of aberration. The first two terms in equation (66)
represent the transverse (W) and the longitudinal (W)
focal shifts, respectively. The remaining aberration terms con-
strained by the relation [ + n = 4 are called primary or
Seidel aberrations, which include five monochromatic aberra-
tions, namely, spherical aberration (W), coma (W3;), astig-
matism (W»»,), field curvature (W»y), and distortion (W3q;).
These aberrations are sometimes called third-order aberrations
when referring to ray aberration, which can be obtained as the
derivative of wavefront aberration. For a fixed image point, r is
a constant and can be absorbed into the coefficients. Assum-
ing the relative aperture and the size of the field to be such
that higher-order terms can be ignored, the expression of the
wavefront aberration in equation (66) reduces to [19, 20]:

25

W(p,0) = Wiipcost + W20p2

+ Wy p* cos?0 + W p° cos 6 + Waop?. 67)

Table 12 lists the first- and third-order aberrations.

The wavefront aberration for a rotationally symmetric sys-
tem can also be expanded by a set of Zernike series instead of
power series. Assuming the first nine terms of Zernike circle
polynomials are used for the expansion, the wavefront aberra-
tion can be written as [20]:

8
W(p,0) =Y aZ;(p,0)
j=0

=ag+aypcost + aypsind + a3 (2p* — 1)
+ ay4p® c0s 20 4 asp? sin 260 + ag(3p° — 2p) cosf
+a7(3p® —2p)sinf + ag(6p* — 6p> +1).  (68)

It can be further rearranged as [20]:

W(p,0) = a, +a,pcos(0 — ¢,) + aqp” + aap°cos® (6 — ¢,)
+acp’cos(0 — pe) +asp?, (69)

wherein the expressions for the coefficients and phase angles
are tabulated in table 13. The expansion in equation (69) has
a similar form to equation (67) indicating the coefficients of
Seidel aberrations can be converted from Zernike expansion
coefficients. However, one should keep in mind that without
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Table 13. Relationship between Zernike coefficients and Seidel aberrations [20].

Aberrations Coefficients Phase

Piston ap =ap—az +ag —

Tilt a =/ (a1 —2a6)* + (@2 — 27’ ¢ — arctan [(a2 — 2a7) /(a1 — 2ag))]
Defocus? ag = (2a3 —6ag+\/ak+ a%) —

Astigmatism® aa = F24/a? + d? ¢q = 1/2arctan(as/ay)

Coma ac =34 /ag + a% ¢ = arctan(az/ag)

Spherical as = 6ag —

* The sign in the defocus coefficient is chosen to minimize the magnitude of the coefficient [20].
b The sign in the astigmatism coefficient is chosen to be opposite to the sign in the defocus coefficient [20].

Aberration-free point image

Aberrated point image

A _
[ AT
I

\
\
\
\
\ .
\ Strehl ratio
\
\
\
\

\
\
WY

0.61NNA

0

Figure 16. The Strehl ratio is the ratio of the central irradiance in an
aberrated image to the central irradiance in an aberration-free
image. This plot shows the irradiance distribution along the x axis
normalized by its aberration-free value at the center. NA: numerical
aperture.

considering field dependence, the terms in equation (69) are
not true Seidel aberrations. Wavefront measurement using an
interferometer only provides data at a single field point. For
this reason, field curvature looks like defocus and distortion
like tilt. A set of wavefronts from different object points should
be measured to determine the Seidel aberrations unambigu-
ously from a Zernike expansion.

2.4.2. Relation with Strehl ratio.  The Strehl ratio is defined
as the ratio of the intensity / at the Gaussian image point in
the presence of aberration, divided by the intensity /, when
no aberration was present, as shown in figure 16. It is given
by [19]:

2
27 1
| exvlizewio.o)) papas
0 0
(70)

I 1
Strehl ratio = — = —
I() 7T2

where W is the wavefront aberration with respect to the best
reference sphere in the unit of wavelength. The Strehl ratio is a
good measure of image quality when an optical system is well
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corrected. For modest amounts of aberrations, equation (70)
can be approximated as [86, 87]:
Strehl ratio ~ exp {—(27ra)2} , (71)

where o2 is the variance of the wavefront across the pupil and
is defined as [19]:

27 pl
o’ = %/o /0 [W(p,0) —W(p, 0)]2pdpd9

=W2— (W)2 = Zaf.
=

(72)

The Strehl ratio is inversely proportional to the variance of
a wavefront, which can be characterized by Zernike expansion
coefficients.

2.5. Relationships with other functions

2.5.1. XY monomials. XY monomials are power series in x
and y and in Cartesian coordinates are defined as [88]:

m.n—m

Ty (x,y) =x"y"™", (73)

where n and m are non-negative integers and n > m. The XY
monomials are also frequently used for representing wavefront
aberrations, largely because they are a simple and complete
set of basis functions. However, they are less popular than
Zernike polynomials, especially after the 1980s, due to their
non-orthogonality [88]. The conversions of wavefront expan-
sion coefficients based on XY monomials and Zernike polyno-
mials have been discussed by several authors and can be found
in [88, 89].

2.5.2. Jacobi polynomials.  The Jacobi polynomials are a
class of classical orthogonal polynomials and can be defined
by Rodrigues formula as [51]:

(_l)n dl’t
27 (1 —x)* (1 +x)7 dx”
x [(1= e (147

P, (P (x) =

(74)
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Figure 17. Jacobi polynomials up the 5th degree for oo = 8 = 3. Figure 18. Legendre polynomials up to the 5th degree.
where a, 5> —1. Their explicit expressions are given as [51]: The Legendre polynomials are orthogonal over the interval
[—1, 1]
(n+a)l(n+5)! I
PP (x) = 2
n P,(x)P, = 75,,,1/ . 80
o2 1 » ()P () = 5~ (80)
* ; slin+a—s)l(n—s)!(B+s)! They relate to the Zernike radial polynomials via [21]:
X (x=1)""(x+1)" (75) RS (p) =P,(2p* — 1). 81)
They are orthogongl with respect to the weight The first few terms of the Legendre polynomials are illus-
(I = x)*(1 + x)® on the interval [—1, 1]: trated in figure 18. For more information about the Legendre
| Polynomials, one can refer to [51, 92].
[ =0 b P e
-1
2.5.4. Bessel functions.  The nth-order Bessel function of
a+p+1
= 2 (n+a)l(n+5)! Onn’ - (76) the first kind is defined as [92]:
2n+a+p+1 nl(n+a+p)!
> n+2s
The Zernike radial polynomials are a special case of the Z I ( ) . (82)
Jacobi polynomials multiplied by p” with [90]: = stn + 5)
R"(p) = (— 1)% " PEZ’f;)/z(l —2p%). (77) They relate to the Zernike radial polynomials via [32]:
. The first few terms f)f the J acj‘obi polynomials are illustratefl / ! R™(p)Im(xp)pdp = (— 1)% 1 (%) ’ (83)
in figure 17. For more information about the Jacobi Polynomi- 0 X

Is, fer to [51, 91]. L . . . .
als, one can refer (o [ ] which is of great importance for the reduction of the diffraction

integral in the Nijboer—Zernike theory [6, 21]. The first few
2.5.3. Legendre polynomials. ~ The Legendre polynomials, terms of the Bessel functions are illustrated in figure 19.
sometimes called Legendre functions of the first kind, are solu-
tions to the Legendre differential equation. They are a special
class of the Jacobi polynomials with & = 8 = 0 and can be
defined by Rodrigues formula as [51]:

2.5.5. Chebyshev polynomials. ~ The Chebyshev polynomi-
als of the second kind and of degree » are defined as [51]:

sin[(n + 1) arccos(x)]

1 d" . U,(x) = 84

Pu(x) = ! dxt (o —1)". (78) (%) sin [arc cos(x)] (&4)

Their explicit expressions are given as [51]: They relate to the Radon transforms of Zernike radial poly-
nomials R via [93]:

T 2 sSn—s\(n—25)" R (s) = g V=20, (s). (85)

27
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Figure 19. Bessel functions of the first kind up to the 4th degree.
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Figure 20. Chebyshev polynomials of the second kind up to the 4th
degree.

The equation (85) can be used to compute the Zernike radial
polynomials for large values of the degree n [94]. The first few
terms of the Chebyshev polynomials of the second kind are
illustrated in figure 20.

2.5.6. Pseudo Zernike polynomials.  The pseudo Zernike
polynomials (see table 14), first derived by Bhatia and Wolf
in 1954 [3], are a set of polynomials orthogonal over a unit
circle and analogous to complex Zernike circle polynomials.
They are obtained by eliminating the condition n — lIl = even
from the definition of the complex Zernike circle polynomials
in equation (16). Specifically, the pseudo Zernike polynomials
are defined as:

Vi(p,0) =R} (p)exp(ilf),

where n is a nonnegative integer, / is an integer, and n — |/l > 0;
the radial polynomials of pseudo Zernike polynomials can be
written as:

(86)
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n—|I| K
B (—1)'2n+1—s)!
Rulp) = sz:; slin+[I] + 1= s)!(n— 1] _S)!p

n—s

87)

The relation between the pseudo Zernike radial polyno-
mials (equation (87)) and the Zernike radial polynomials
(equation (19)) is given by [3]:

1
Ry (p%) = ;R%fiﬁl (p). (88)

The first few terms of the pseudo Zernike radial polyno-
mials are illustrated in figure 21. Pseudo Zernike polynomials
can be used for wavefront sensing [83], and to define pseudo
Zernike moments, which can generate moment invariants as
shape descriptors for pattern recognition (section 4.6.2).

3. Zernike polynomials over noncircular pupils

3.1. Zernike polynomials over arbitrary pupil shapes

Zernike circle polynomials are in widespread use for wave-
front analysis in optical systems with circular pupils. They are
unique in the sense that they are not only orthogonal across a
unit circle, but they also represent balanced aberrations yield-
ing minimum variance. However, in practice, optical systems
do not always have circular pupil shapes. Non-circular pupils,
such as annular, hexagonal, elliptical, rectangular, and square,
are also very common. For example, many telescopes, such as
the Hubble space telescope, have annular pupils [95, 96]; some
mirrors of large telescopes are segmented into small hexagonal
segments to facilitate fabrication, testing, and alignment [97];
the pupil of a human eye is slightly elliptical [98]; rectangu-
lar or square optics are applied in anamorphic optical systems
[99, 100] and high-powered laser systems [101]. In such
cases, Zernike circle polynomials are no longer orthogonal
and their advantages are lost. It is necessary to construct new
orthonormal polynomials for aberration representation. Meth-
ods for constructing orthonormal polynomials mainly include
the recursive Gram—Schmidt process [37] and the nonrecursive
matrix approach [102]. The Gram—Schmidt orthogonalization
approach is briefly summarized below.

Using the Gram-Schmidt orthonormalization process
[103], a set of polynomials Fj(x, y) orthogonal over noncircu-
lar pupils can be constructed from Zernike circle polynomials
as [4, 37, 104]:

Fr

J
Fiy1=Nj+1 {Zjﬂ - ZZHlFiFi} ;
i=1

1,
(89)

where Z;, | F; denotes the mean value of Z; | F; and is defined
as:

1
ZoFi=y |z (90)
pupil
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Table 14. Pseudo Zernike polynomials up to the 5th degree.

j n l vi(p, 0)

1 0 0 1

2 1 -1 pexp(—if)

3 3p—2

4 1 pexp(if)

5 2 -2 p*exp(—i26)

6 -1 (5p° — 4p)exp(—if)

7 0 100 — 12p+3

8 1 (5p° — 4p)exp(if)

9 2 p* exp(i26)

10 3 -3 p° exp(—i36)

11 -2 (7p° — 6p*) exp(—i20)

12 —1 (21p* —30p* + 10p) exp(—if)

13 0 35p° — 60p? +30p — 4

14 1 (21p* —30p* + 10p) exp(if)

15 2 (7p° — 6p*) exp(i26)

16 3 P exp(i36)

17 4 —4 p*exp(—id0)

18 -3 (9p* — 8p°) exp(—i3h)

19 -2 (36p* —56p° +21p) exp(—i26)

20 -1 (84p* — 168p° + 10507 — 20p) exp(—if)

21 0 126p* — 280p° 4 210p* — 60p + 5

22 1 (84p* — 168p° +105p> — 20p) exp(if)

23 2 (36p* — 56p° 4 21p%) exp(i20)

24 3 (90" — 8p°) exp(i36)

25 4 p*exp(i40)

26 5 -5 p’ exp(—i50)

27 —4 (11p° — 10p*) exp(—i4h)

28 -3 (55p° —90p" 4 36p°) exp(—i30)

29 -2 (165p° —360p* 4 252p° — 56p%) exp(—i26)
30 - (330p° — 840p* +756p° — 280p* + 35p) exp(—if)
31 462p° — 1260p" + 1260p° — 560p> + 105p — 6
32 330p° — 840p* 4 756p° — 2800 + 35p) exp(ib)

(550 — 90p* +36p°) exp(i30)
(11p° — 10p*) exp(i46)

1
0
1 (

33 2 (165p° —360p* 4 252p° — 56p%) exp(i26)
3
4
5 P’ exp(i56)

—Ri(p) —Rip) —Ri(p) —Rilp) —Rs(p)

0 01 02 03 04 05 06 07 08 09 1
0

Figure 21. Pseudo Zernike radial polynomials with the azimuthal index / = 1.
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(d)

»

(e)

Figure 22. Common noncircular pupils inscribed inside a unit circle. (a) Annular pupil (obscuration ratio: €). (b) Rectangular pupil (half
width: a). (c) Square pupil. (d) Hexagonal pupil. (e) Elliptical pupil (semi-minor axis: a).

Table 15. Orthonormal polynomials over noncircular pupils [37, 104, 108].

Pupil shapes Orthogonal polynomials Fit ZiF;
Annular Fip1 = N1 | Zjt1 — X:IZ/-HFth ZiaFi = ite Jy " . Zia Fipdpdo

=
Rectangular Zi Fi = m f f Zj1 Fidxdy
Square ZiiFi= J‘{fff”ff Zj41 Fidxdy
Hexagonal Zj Fi = % S/ hexagon Zi+1Fidxdy
Elliptical m— p— f \/: f Zj 1 Fidxdy

where A is the area of the region of integration. N, is a nor-
malization factor and can be expressed as:
) dxdy]

satisfy the following

1/2
1

L

J
Nip1= Zjt _sz+1FiFi 1)

i=1

A

The constructed polynomials
orthonormality condition:

1

- / FFjdxdy = 6. (92)
pupil

Since an orthonormal polynomial is a linear combination
of Zernike circle polynomials (equation (89)), the wavefront
decomposition with a set of orthonormal polynomials over
noncircular pupils is identical to the decomposition with a
corresponding set of Zernike circle polynomials. However,
in this case, the Zernike circle polynomials do not represent
balanced aberrations and their expansion coefficients lack
physical significance [105].

30

The constructed orthogonal polynomials are determined
recursively and each term is a linear combination of Zernike
circle polynomials with no higher radial order. The Gram—
Schmidt orthonormalization approach can be applied to
construct orthonormal polynomials over any pupil shape
[106, 107]. Figure 22 presents five common noncircular
pupils, including annular, rectangular, square, hexagonal, and
elliptical pupils. Orthonormal polynomials over these noncir-
cular pupils can be obtained using the Gram—Schmidt ortho-
gonalization process and are tabulated in table 15.

3.2. Zernike polynomials over annular pupils

Annular pupil plays an important role in optical systems, such
as telescopes for astronomical observation [96] and stitch-
ing interferometers for aspheric wavefront testing by annular
sub-apertures [109-111]. Orthonormal Zernike polynomials
over annular pupils, called Zernike annular polynomials, can
be constructed using the Gram—Schmidt orthogonalization
process based on Zernike circle polynomials. Zernike annular
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y 4 forms. The normalized form defined under the Noll indexing
scheme can be written as [4, 35, 112]:
0,1) "
Zi(p,0:¢) = Zy (p,0;¢)
(. 0) 2(n+ 1)]1/2Rz1(p;e)cosm0, m#0, jis even,
={ 2+ 1)]"2R(p;e)sinmf, m#0, jis odd,
7 [+ D' R (i), m=0,
> 93)

0 (1,0) x
where the index n is the degree of the radial polynomials,

R"(p;e); the index m is the azimuthal frequency describing
the repetition of the angular function; n and m are non-negative
integers and satisfy n —m > 0 and n — m = even; j is a mode-
ordering number starting from 1, and € is the obscuration ratio.
There are a total of (n + 1)(n + 2)/2 linearly independent
Figure 23. Unit annular pupil with an obscuration ratio of e. polynomials for a specific degree of n. The radial polynomials
R"(p;e) can be obtained by Gram-Schmidt orthogonalization
and are given by:

polynomials first appeared in a report of Perkin-Elmer Corpor-
ation in 1971 [4], were later discussed by Tatian in 1976 [5]

and systematically studied and explicitly given by Mahajan in Ri(pie)
(n—m)/2
1981 [4] m i . P NRM (e o\ P
Zernike annular polynomials are defined over a unit annular =w, |R/(p) — Zl (n=2i+ DR ()R (ps€)Ru—ai(pse) |,
disk with an obscuration ratio of € (0 < ¢ < 1) and can be B 94)

most conveniently expressed in polar coordinates (p, #), where
p is the normalized radial coordinate (¢ < p < 1) and 0 iS  where:
the polar angle measured counterclockwise from the +x-axis

; _— 2
(0 < 6 < 2m), as shown in figure 23. R ()R .(pie) = —

1
/ Ry (p)Ry5i(pse)pdp,  (95)
£

3.2.1. Definition. and the weighting factor w)' can be determined according
to the orthogonality condition of the radial polynomials as:
3.2.1.1. Real Zernike annular polynomials  Real Zernike

annular polynomials have normalized and non-normalized

1/2
1—¢2
m 2(n+1
wy = s ( ) 5 . (96)
1 n—m . 7 "
IR = X (0= 20+ DREGIRT o (eRy i) | o
Exemplary profiles of the radial polynomials are shown in Similar to Zernike circle polynomials, orthonormal Zernike

figure 24. It is easy to verify that when € = 0, Zernike annu-  annular polynomials can be sorted by either the single index,
lar polynomials reduce to circle polynomials. The normalized j, or the double indices, n and m. The former is useful for
Zernike annular polynomials meet the following orthonormal-  describing Zernike expansion coefficients while the latter is
ity condition: useful for unambiguously describing the functions. To con-
vert between the indices n, m, and j, one can use the rela-
027r f;Zj(p,G;E)Zj/(p,(‘);s)pdpdG tionships described in equation (8) aI'ld (9). Table 16 list
51 =0/, (97) the first 28-term orthonormal real Zernike annular polynomi-
0 fs pdpdd als in the polar coordinate system and the values for n, m,
and j. For more terms up to the 45th, one can refer to the

where J;;/ is the Kronecker delta function. tables 5-7 in [104].
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Figure 24. Annular Zernike radial polynomials (¢ = 0.5) of the first few degrees when m = 0, 1, and 2.

The non-normalized Zernike annular polynomials can be
obtained by dropping the normalization factors from the
orthonormal Zernike annular polynomials as:

R} (p;e)cosml,m # 0, j is even,
Zi(p,0;e) = Zy (p,0;¢) =< Ry (p;e)sinmb, m #0, j is odd,

Ry(pie), m=0.
(98)
They satisfy the following orthogonality condition:
2wl
Zi(p,0;e)Zi (p,0;)pdpdd 1+,
0 e 20 0:0Z (0. 05)pdpd0 _ At bu s oo

0277 f; pdpdd 2(n+1)

32

Figures 25 and 26 show the 3D visualization of the non-
normalized Zernike annular polynomials up to the sixth degree
for ¢ = 0.6 and their corresponding interferometric fringe pat-
terns as in optical testing [37].

3.2.1.2. Complex Zernike annular polynomials
Zernike annular polynomials have normalized and non-
normalized forms. The normalized complex Zernike annu-
lar polynomials defined in the Noll indices can be written

as [4, 35]:

Vi(p,0;€) = Vn+ 1R, (p; ) exp(ilf),

Complex

(100)
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Table 16. Zernike annular polynomials under the Noll indices up to the sixth degree (n = 6).

J n m Ry (p;e) Zi(p,0;¢) Aberration
1 0 0 1 RY(p;e) Piston
2 1 1 e 2R} (p;€) cosd X Tilt
3 2R} (p;e)sinf Y Tilt
4 2 % V3RS (p;e) Defocus
5 m V6R3(p;€)sin20 Primary Y astigmatism
6 V6R3(p;€) cos26 Primary X astigmatism
3(1 2 3_2 1 2 4 .
7 3 1 (17(52—;_[5(1)552)(5;2124;]%/2 V8RA(p;€)sinf Primary Y coma
8 1 V8R(p;€) cosh Primary X coma
. 3
9 3 m ng (p,E) Sln39
10 3 V8R3(p;€) cos 30
11 4 0 [6p4_6(|+(5121’;22;1 et V5R}(pie) Primary spherical
4 _ 8 _ 6 2 . .
12 2 {(1_52)71?:)6(]3_[80)5_])5/((11_;))2];’(1_66)]}1/2 V10R(p;e) cos 20 Secondary X astigmatism
13 2 V1 R4(p7 €)sin20 Secondary Y astigmatism
4
14 4 —(1+62+E4i€6+€8)l/2 V1 R4(p,s)cos49
15 4 V10R} (p; ) sin40
[10(1+422+2%) p° —12(1+4e? +4e" +£%) p*+3(1+4e? +10e +4°+2* ) )] VI3R!
16 5 1 (= (4 ) (1395219 1o 72 12R5(p;e) cosf Secondary X coma
17 1 . Y o V12RY(p;€)sinf Secondary Y coma
Spr—4[(0l=e7)/(1=eN)]p’ 3
18 3 o B o) 28122 =} V1 Rg(ﬂ,s)cosw
19 3 V12R;(p;e) sin36
. 5
20 5 (G ettt teoteiten)/? V12R3(p;e)cos50
21 5 V12R:(p;€) sin56
2 6 0  Lefellb(iie i)y (e ise e VIR (pse) Secondary spherical
23 2 15(1 +4€® 4 10" 4 4° + %) p® — 20(1 + 47 4 10e* + 10° + 4&° /T4R2( p: €) sin 260 Tertiary Y astiemati
[ +e'9p* +6(1 4 4e? 4 10e* 4 20€® + 10e® + 40 + £'2) p? 6(p;€)sin ertiary Y astigmatism
(e[ (14487 4102 4428 4414987 + 45e* 1/2
24 2 +65¢° +45¢° +9¢0 + 1) V14RZ(p;€) cos 260 Tertiary X astigmatism
6 12 10 4
25 4 bp"=5[(1—c )/ (=< )lp V14RE (p;€) sin46
_e2)—! ey _e12)2 /(1 —gl0y]}1/2 )
2% 4 {(1—e)71[36(1—e1)=35(1—2'2)2/(1—£10)] } \/>R4(p,a)cos69
6 .
27 6 (Ite2tetfebtedteliyel2)l/? V14RS o (p;€)sin40
28 6 V14RS(p;€) cos 60
where 7 is a non-negative integer, / is an integer, n — |l > 0  and the weighting factor wl lis given by:

and is even, and the radial polynomial is defined as:

R)(pie) =

(n—=111)/2

w,'f'{R,'f'(p)— > (n—2i+1)
i=1

< RIN(o)R! (p;e)R! (s )}, (101)

1—¢?

Wl = 2(n+1)
(n=l1])/2

2
1 -
. 1 l
Y (1=2i+ DR L ()R ()R, 2,<p;a>} pdp
=

1/2

(102)
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Figure 25. Pyramid of the non-normalized Zernike annular polynomials up to the sixth degree with an obstruction ratio of 0.6.

The normalized complex Zernike annular polynomials sat-
isfy the following orthonormality condition:

J2 Vi(p,0:2)] VA, (p,0;2) pdpdd
27
o fal pdpdf

The non-normalized complex Zernike annular polynomials
can be written as:

27
0

:611’5nn’~ (103)

Viu(p.6;¢) = R, (p;e) explilf). (104)
They satisfy the following orthogonality condition:
27l * 1!
o Je V(o 0: 1 Vi p.O:c)pdpdd 1 o
027nglpdpd9 n+1 nn
(105)

3.2.1.3. Summary. The definitions for the real and complex
Zernike annular polynomials are summarized in table 17.

3.2.2. Mathematical properties.

3.2.2.1. Orthogonality. ~ The orthogonal relationships of real
and complex Zernike annular polynomials have been presen-
ted and can be found in equations (97), (99), (103) and (105).
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Moreover, the radial polynomials of Zernike annular polyno-
mials are also orthogonal over the annular aperture and satisfy
the following relationships [4]:

2

1—¢
——— - 1
2(n+ 1)5"" (106)

1
| R oo =
€

3.2.2.2. Recurrence relation.  The recurrence relationship
for generating radial polynomials of Zernike annular polyno-
mials was derived by Tatian in 1974 [4, 5] and can be written
as:

R, (pse)
2 2\ 1/2
—€
Ry (p;c) = R {(ﬁ—az) ] , m=0;
1—¢?

1/2
Rn:Zl+m(P§5) = {m} p 0 ('4)7 m# 0,
(107)

where n and m obey the same conditions defined in Zernike
annular polynomials (n and m are non-negative integers,
n — m > 0 and is even); k is a non-negative integer (k = 0,
1,2,...,00) [ = (n — m)/2; u=p* O7'(u) is a set of ortho-
gonal polynomials obtained by orthogonalizing the sequence
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Figure 26. Interferometric fringe patterns of the Zernike annular aberrations shown in figure 25.
1, u, ..., u' over the interval (¢2, 1) with a weight function ¥™  3.2.2.3. The Fourier transform.  The Fourier transform of

and can be written as [4, 5]: Zernike annular polynomials is derived by Dai and Mahajan

[95] and can be written as:
2 o\ 1/2
RO P € =0:
2\ T2 ) m=1;

27 1
0w = o 000 = [ [zl
2020+2m—1) W' > 0" '(0)0) ! () 0 0 e
(I+m)(1-¢?) Q;n_l 0) = hz"n_l 7 ' X exp [—iZﬂ'rpCOS(e — ¢)] pdpdd
(108)
) - \2(n+ 1)Hy (r;e) cos(mg), m#£0, jis even,
The coefficient Aj" is: =4q /2(n+ )H}(r;e)sin(mg), m#0,jisodd,
1_52 \/mHg(’?E): m:(),
- =0:
R o (109) i
1 = m—1
_ 2(2l+2m—1) Ql+11(0) h;n—l7 m# 0. where (1, ¢) denotes the polar coordinates in the frequency
(I+m)(1—e?) 0" (0) domain and:
Especially, when m = n, H(rie)
pn 1 n ,
R'(p;e)= —H— 110 2 Jnmee)(—1)' /) +m
(o) UDRESS of (R

’

" 1/2°
<Z 62z'> n’=0
i=0

% |:In/+1(27”’) _e Z (_1)(11'/n’)/zhn//(n’;a)]n//+1(2ﬂar)] },

The above recurrence relationship can be initialized with ! =0
Ri(pie) = 1. (112)
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Table 17. Summary of the definition of Zernike annular polynomials.

Real Zernike annular polynomials

Complex Zernike annular polynomials

Sources Tatian, 1974 [5] Mahajan, 1981 [4]

Mabhajan, 1981 [4]

Zemax [25]
Indexing The Noll indices The Noll indices

Zj(p,0;¢) = Z;/(p,0;¢)
Definition R (s €)cosmfl, m 70, jis even Vi(p,8;e) = N.R!(p;e) exp(ilf)

=N'< R}(p;e)sinmb, m#0, jis odd

Ry} (P € )7 m=0

Radial Equation (94) Equation (101)
polynomials
Coordinate 0<p<l1 0<p<l
system 0 from +x axis 0 from +x axis

anticlockwise anticlockwise
Normalization Optional Optional

1, non-normalized 1, non-normalized

Normalization N = Ty . N, = { )
factor (i16,0)» ormalized vn+ 1, normalized
Term number Infinite Infinite
Indices j=1,2,3,...,0 n: non-negative integer

n: non-negative integer [: integer

m: non-negative integer n — |l > 0 and even

n —m 2> 0 and even

ot 41, m=0

Relationship j= —

between indices
n=|(v2/=1+05) 1]

2+ 1—n(nt1)
RS

[@—l—m,@—l—m—i—l], m#0

nis even

2 % LMJ —1, nisodd

Ordering n, m both in ascending order

where J is the Bessel function of the first kind (equation (82))
and:

gn’(n7m;5) :Wzl(@ 1 762

1
| RORLp2)pap. 113)
€
Py (I’l;€)
(n—m)/2[(n—m)/2]—s

(71)S61172S(n 7S)'(n+ 1 725‘725/)
Sl (n+1—2s—s7)! '

s=0 s'=0

(114)

A list of the first few terms for H)', g,/, and hy,
can be found in [95]. The expression in equation (111)
reduces to the Fourier transform of Zernike circle polynomials

(equation (30)) when € = 0.

3.2.3. Wavefront fiting. ~ The orthogonality of Zernike annu-
lar polynomials makes them an excellent basis for wavefront

36

analysis in annular optical systems. An annular wavefront can
be represented by the linear combination of finite terms of
Zernike annular polynomials as [113]:

J
Wip,0:e) = > aiZi(p,0;e), (115)
j=1

where J is the total terms of the polynomials, a; is the
expansion coefficients, and Z; is the jth-term Zernike annu-
lar polynomial. The equation can be equivalently expressed in
Cartesian coordinates as:

J

W(x,y;e) = Y aiZi(x,y;e). (116)
Jj=0

Written in discrete and matrix forms, equation (51)
becomes:

Aa=W, (117)
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Figure 27. Annular wavefront decomposition using orthonormal Zernike annular polynomials under the Noll indices: (a) wavefront and

(b) 28 expansion coefficients.

where:
[ Zi(x1,y158)  Za(x1,y15€) Zy(x1,y15€)
Zy(x2,y2;€)  Za(x2,y25€) Zy(x2,y2;€)
A= :
| Zi(xk,yx;e)  Zo(xk,yk;€) Zy(xk,yx;€)
[ a W(xi,y1:¢€)
a W(x2,y2;€)
a= W= , (118)
L a; W(xk,yk;€)

where K is the total number of data points within the unit
circle. Generally, equation (117) is an overdetermined linear
system, where there are more equations (K) than unknowns
(J). It can be written into the normal equation [34, 68]:
ATAa=ATW, (119)
where the superscript T denotes matrix transpose. The solution
can be obtained by matrix inversion as:
a=(ATA)'ATW. (120)
Figure 27 shows an example illustrating annular wavefront
decomposition using 28-term orthonormal Zernike annular
polynomials under the Noll indices. The amplitude of each

coefficient indicates the strength of corresponding aberrations
(table 16).

4. Applications

The unique properties of Zernike polynomials have enabled
them to be an attractive mathematical tool in many fields.
In this section, we survey their applications in a range of
fields, including diffraction theory, optical design, optical test-
ing, adaptive optics, ophthalmic optics, and image analysis, as
illustrated in figure 28.
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4.1. Diffraction theory

4.1.1. The diffraction theory of aberrations. ~ Zernike polyno-
mials have important applications in the diffraction theory of
aberrations, which is concerned with the study of how wave-
front aberrations affect image formation in practical optical
systems [32, 47]. In a perfect optical imaging system, the light
waves from a point object emerge in the image space as spher-
ically convergent waves and form the well-known Airy pat-
tern. However, a perfect imaging system never exists in prac-
tice. Waves emerging from a practical optical system deviate
from a spherical wave and possess complicated forms.

Consider the wave propagation model illustrated in
figure 29, where an aberrated wavefront at the exit pupil con-
verges to the image plane. Let W, and W, denote the aberrated
wavefront and its Gaussian reference wavefront in the unit of
length, respectively. The position of the exit pupil is defined
by the Cartesian coordinates (x, y, z) or the cylindrical coordin-
ates (p, 6, z); the position of the image plane is defined by the
Cartesian coordinates (&, 7, () or the cylindrical coordinates
(1, ¢, v). The complex amplitude distribution at the exit pupil,
called the pupil function, can be written as [114]:

P(p,0) = A(p,0) exp[i®(p,0)], (121)

where A(p, 0) is the amplitude function and ® is the phase
function in the form of:
2

™
7(Wa - Wr)a

B(p,0) = (122)

where A is the wavelength. According to the scalar Debye
integral [32, 114], the normalized complex amplitude, U(r;, ¢,
v), in the focal region of the image plane is given by:

0) =+ [[ explive’)P(o.6)

x exp [i2wrpcos(f — ¢)] pdpdf

// exp(ivp®)A(p,0) exp[i®(p,0)]

x exp [i27rpcos(6 — ¢)] pdpd8, (123)
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Figure 29. Geometry of wave propagation from the exit pupil to the
image plane. W,: aberrated wavefront; W,: reference wavefront.

where v is defined as the negative axial coordinate (-{) normal-
ized with respect to the axial diffraction unit, \/(7s3), and sg
is the numerical aperture (NA) of the focusing beam. When the
image plane is at the best focus (v = 0), the complex amplitude
U(r, ¢, v) in equation (123) reduces to the Fourier transform
of the pupil function P(p, ).

The PSF, defined as the diffraction pattern of a point object
in the image plane, can be written as the squared modulus of
the complex amplitude U [115, 116], i.e.

PSF = |U(r,$,v)|. (124)
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The image of an extended object formed by an optical sys-
tem is the convolution of the object itself with the PSF of the
system, which can be mathematically modeled as [117]:

g =f*PSF, (125)
where f and g denote the object and the image, respectively,
and * represents convolution. To understand the impact of
wavefront aberrations on the final image quality, the PSF
needs to be evaluated. In the next section, we briefly review
the analytical PSF computation approaches first developed by
Nijboer and Zernike [6, 21] and later extended by Janssen [8],
where expanding wavefront aberrations at the exit pupil using
Zernike circle polynomials is the key.

4.1.2. PSF computation using the Nijboer-Zernike theory.
In general, analytical evaluation of the diffraction integrals
in equation (123) is difficult except for some specific cases.
In 1942, Bernard Nijboer, a PhD, student of Zernike, expan-
ded the aberration function at the exit pupil into a series of
Zernike circle polynomials and formulated an efficient repres-
entation of the complex amplitude distribution in the image
plane [6, 21]. This work allows analytical evaluation of the dif-
fraction integral and the PSF of a general optical system and is
referred to as the Nijboer—Zernike theory. For completeness,
we briefly review the basic principle of the theory, which is
well summarized in [114].
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In the Nijboer—Zernike theory, the pupil function is
assumed to be uniform in amplitude and thus can be written
as a purely phase-aberrated function, i.e.

P(p,0) =exp[i®(p,0)]. (126)

Expanding the pupil function into the Taylor series, the dif-
fraction integral in equation (123) becomes:

21
Zk'/ / exp(ivp?)®*(p,0)

x exp [i2wrpcos(6 — ¢)] pdpdb. (127)

Expanding the phase function, ®(p, 0), into a set of Zernike
circle polynomials gives:

Z anZ(p

Substituting the Zernike expansion into the integral
(equation (127)) and performing the integration over # using
elementary Bessel function operations, we obtain:

(128)

1
Ulr,6,0) ~ / exp(ivp?) o (2mpr)pdp

+2i E il cos(m

1
< [ explion )R (o1 2mor)pdp. (129
0

where o is the Zernike expansion coefficients and J,, is a
Bessel function of the first kind and of order m. Note that in
the reduction, the phase aberration is considered small enough
so that truncation of the infinite series in equation (128) after
the term k = 1 is allowed. The above equation can be further
reduced using the relationship in equation (83) as:

Q2T s gt Jns1 (277)
0) = r +Zl 2rr

U(r,¢,v [a) cos(map)],

(130)

n,m

where the prime indicating that m = n = 0 should be excluded
from the summation.

The expression of the complex amplitude, U, provides an
analytical method for evaluating the PSF of an optical system.
Although elegant in expression, the Nijboer—Zernike approach
is not widely used in practice [114], largely because that the

and the wavefront aberration is restricted to be sufficiently
small (in the order of a fraction of the wavelength [32]).

Figure 30 illustrates the appearance of the PSF of an optical
system when only a single Zernike term (root mean square
value: 0.1 pm, wavelength: 570 nm) is present in the wave-
front aberration. Figure 31 presents an example showing that
wavefront aberrations degrade the image quality of an optical
system.

4.1.3. PSF computation using the extended Nijboer-Zernike
theory.  The Nijboer—Zernike theory is only valid in the case
of small aberrations and can only produce accurate values of
PSF at positions close to geometrical focus. To deal with the
problem, Janssen in 2002 formulated a general expression in
terms of the power-Bessel series and extended the Nijboer—
Zernike theory for optical systems with large aberrations
[8, 114, 118, 119]. The extended Nijboer—Zernike theory can
analytically compute the PSF of an aberrated optical sys-
tem described by Zernike coefficients and accelerates further
developments in focused field diffraction theory.

The extended Nijboer—Zernike theory adopts a generalized
definition for the pupil function and expands it using Zernike
circle polynomials as [114]:

P(p,0) = A(p,0)expli®(p,0)] = > _ Bz (p,0),

n,m

(131)

where the amplitude, A(p, #), and phase aberration, ®(p, 0),
are real-valued; the coefficients, 3), is in general complex-
valued; Z;' is the non-normalized complex Zernike circle poly-
nomials defined in equation (16). Substituting the pupil func-
tion into the diffraction integral (equation (123)), the complex

amplitude, U, can be expressed as:

U(r,¢,0) =2 Bril"kl" exp(img), (132
where:
K= / exp(ivp?)R™ (p)J,, (2 pr) pdp. (133)

Janssen derived a Bessel series representation for the integ-
ral in equation (133) and reformulate the above equation as:

o0
Jim
K = epexp(iv) Y (<2iv) ‘Z pyy AT ‘““’ . (134)
=1 —

derivation requires the amplitude over the pupil to be uniform  where:
|
Y N ml+jEI=1 j+i—1 -1
(17l 1420 (11 (!

Vij =

(

q+1+j

39

(135)
l

) |
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1,  others, ’ 27 2

v=27repy |
) (137)
_{ —1, oddm <0, b (n—|m]) - (n+|m|) k kl(n—k)!

(136) Note that the equation (134) suffers from loss-of-digits

and slow convergence for larger v under standard precision.

n An advanced version of the ENZ-theory has been developed

The symbol <k> denotes combination and is defined as: to virtually eliminate the convergence problem by replacing

40
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the power-Bessel series in equation (134) with Bessel-Bessel
series [120]. Using equation (134), we can compute the PSF
of an optical system with an exit pupil defined by a set of (-
coefficients (equation (131)). The extended Nijboer—Zernike
theory has been used in several applications, such as aberration
retrieval in high-NA optical lithography systems [121-123]
and acoustic diffraction problems [124, 125].

4.2. Optical design

Optical design is the process of designing an optical system
to meet specific performance requirements and constraints.
Owing to their unique properties, Zernike polynomials are
beneficial to wavefront analysis and surface representation in
modern lens design programs. In wavefront analysis, since
Zernike expansion coefficients are independent and directly
represent balanced aberrations, it is convenient to decompose
wavefront aberrations of an optical system into a set of Zernike
polynomials to evaluate the contribution of each aberration
[25]. Moreover, the coefficients of Zernike polynomials can
also be used as variables of the merit function of a lens system
to facilitate system optimization [126].

In surface representation, Zernike polynomials have
emerged as a means of describing the shape of freeform optical
surfaces [127-131]. State-of-the-art lens design programs,
such as Zemax and CODE V, empower optical designers to
use Zernike polynomials to represent freeform surfaces, which
are called Zernike surfaces. For example, Zernike phase sur-
faces and Zernike sag surfaces are defined and used in Zemax.
The Zernike phase surfaces are standard surfaces, such as
planes, spheres, and conics, superimposed with phase terms
defined by Zernike polynomials [132]. The phase term can be
written as:

J
o= mz27ijj(p,9),
j=1

(138)

where m represents the diffraction order, Z; is Zernike circle
polynomials, and g; is the expansion coefficients, p is the nor-
malized radial coordinate and 6 is the polar angle. This surface
type is well suited to modeling system aberrations for which
measured interferometer data is available [132]. The Zernike
sag surfaces are defined as the conic surface (figure 32) plus
additional deformation terms characterized by even orders
of the power series and finite terms of Zernike polynomials
[58, 132]. They are given by:

8 J
) ar? + Y aZ(p,9),
=1 j=1
(139)

1—(1+4k)c?r?

where ¢ denotes the curvature of the base conic; r = x2 + y2
is the radial ray coordinate in lens unit; k is the conic con-
stant; o; and a; are the coefficients of the power series and
the Zernike polynomials, respectively; J is the maximum num-
ber of terms of the Zernike polynomials; p is the normalized
radial coordinate and 6 is the polar angle. The Zernike phase
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Figure 32. Conic surfaces.

surfaces (equation (138)) describe phase variation of a surface
while the Zernike sag surfaces (equation (139)) characterize
surface deformations. These Zernike surfaces can also employ
Zernike annular polynomials to define the aspheric terms when
an optical system has an annular pupil. Figure 33 is an example
showing the design of a long wave infrared reflective imaging
system optimized with Zernike surfaces [133].

4.3. Optical testing

Optical testing is concerned with testing the optical qual-
ity of optical systems by optical techniques [134, 135]. The
applications of Zernike polynomials in optical testing are
mainly concentrated in the field of optical surface or wave-
front measurement by phase-shifting interferometry [136], the
principal purpose of which is to determine the aberrations
present in an optical component or an optical system [19].
There are many different types of phase-shifting interfero-
meters used in practice, such as the Fizeau, Mach-Zehnder,
and Twyman-Green interferometers [137-140]. Here we use
a phase-shifting Twyman-Green interferometer as an example
to demonstrate the usefulness of Zernike polynomials in pre-
cise surface figure measurement.

A typical optical layout of a phase-shifting Twyman-Green
interferometer is shown in figure 34. The emitted beam from
a laser source is first collimated by a beam expander and
then divided by a beam splitter into two parts. The reflected
part (red) propagates to a reference mirror and is then reflec-
ted back serving as the reference beam. The transmitted part
(blue), after passing through a compensation lens, is incid-
ent onto the optical surface under test and then reflected back
along the same path. The reference beam and the measure-
ment beam meet at the beam splitter, interfere with each other,
and produce fringe patterns with periodic intensity modula-
tion. The fringe patterns carry the surface figure information
of the optical component under test and are finally recorded



J. Opt. 24 (2022) 123001

Topical Review

(a) (b)

25.00 MM
—

Figure 33. Optical system design with Zernike polynomials. (a) Optical layout of a long wave infrared reflective imaging system optimized
with Zernike surfaces. (b) Housing structure of the optical system. Reprinted with permission from [133] © The optical Society.
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Figure 34. A phase-shifting Twyman-Green interferometer for optical surface testing. PZT: piezoelectric transducer. CCD: charge-coupled

device. Adapted with permission from [141] © The optical Society.

by a charge-coupled device (CCD) detector. Phase shifting is where a(x, y) and b(x, y) are the background and the mod-
achieved by moving the reference mirror a certain amount with  ulation terms, respectively, and ®(x, y) is the phase map to

a piezoelectric transducer (PZT). be recovered. There are three unknowns in equation (140),
The intensity of a fringe pattern can be mathematically indicating at least three frames of phase-shifted interfero-
modeled as [142—-144]: grams are needed to recover the phase function. This is

known as the three-step or three-bucket phase demodulation
algorithm. In practice, there are many more different phase-
I(x,y) = a(x,y) + b(x,y) cos[D(x,y)], (140)  shifting algorithms in use, such as the four-step, five-step, and
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Figure 35. Surface figure retrieval from a set of phase-shifted fringe patterns. (a) Phase-shifted interferograms. (b) Demodulated phase.
(c) Unwrapped continuous phase. (d) 37 expansion coefficients of the Zernike circle polynomials under the fringe indices. (e) Recovered

surface figure. A: wavelength.

least- squares algorithms [137, 138, 142]. Herein the four-step
algorithm will be introduced. Suppose that four interferograms
with phase shifts of 0, 71/2, 7t, and 37/2 are collected. Their
intensity functions can be written as:

I (x,y) = a<x7y) +b(x,y) COS[(I)(xvy)]v
1
_ 27-‘—} ,

13(x,y):a(x,y)—i—b(x,y)cos[(l)(x,y)— )

I(x,5) = alx,) + b{x,y)cos [<1><x,y>

3
1i09) =) + blx)cos [2(ey) = 3e] . aan
The phase, ®(x, y), can be simply calculated as:
Iy —1I
®(x,y) = arctan < 4 2) . (142)
L—1

Since the value of the inverse tangent function is within
[—mt, 7t], the calculated phase, ®(x, y), is typically wrapped. An
extra process, called phase unwrapping [145, 146], is needed
to yield a continuous phase map.

Generally, misalignment errors, such as tilt and defocus, are
present in the phase function, ®(x, y) and need to be removed to
reveal the true surface figure. This can be achieved by expand-
ing the phase function into finite terms of Zernike polynomials
and eliminating the coefficients of the tilt and defocus terms.
Mathematically, the phase expansion can be written as:

(143)

where g; is the expansion coefficients and can be computed
by the least-squares method described in section 2.3.1. The
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final figure map of the surface under test can be obtained
as [141, 147]:

1
Wﬁgure = E{W_ [ao—i—alZl +a2Z2+a3Z3}, (144)

where ay, a1, a;, and az represent the coefficients of the pis-
ton, x-tilt, y-tilt, and defocus terms of the Zernike expansion,
respectively. The Zernike expansion coefficients, a;, can be
further used to calculate the PVr (peak-to-valley robust) [148],
which is a robust amplitude parameter for describing the figure
error of the optical surface under test.

For ease of understanding, the whole procedure for sur-
face figure retrieval from a set of phase-shifted fringe patterns
is illustrated in figure 35 and a state-of-the-art commercial
Fizeau interferometer for optical testing is shown in figure 36.

4.4. Ophthalmic optics

The eye, like any other optical system, suffers from a number
of specific optical aberrations [149]. Aberrations of eyes with
refractive errors include lower-order aberrations and higher-
order aberrations. Lower-order aberrations, such as myopia,
hyperopia, and regular astigmatism, account for approxim-
ately 90% of the overall ocular aberration and are the most
common causes of visual impairment [150]. In contrast,
higher-order aberrations, such as spherical aberration, coma,
and trefoil, account for less than 10% of ocular aberrations
but they may significantly impact on visual performance when
the pupil is large [149, 151]. Measuring the aberrations of the
human eye can provide objective and quantitative data for vis-
ion correction and is of critical importance to certain correct-
ive measures [23, 152], such as wavefront-guided refractive
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Figure 36. A commercial laser Fizeau interferometer for optical
surface testing. Reproduced with permission from Zygo
Corporation. ©2021 Zygo Corporation.

surgery [153, 154], which has been a paradigm shift in the
field of refractive error correction. The most commonly used
tool for the measurement of ocular aberrations is the Shack—
Hartmann wavefront slope sensor [155], which was developed
by Shack and Platt in the late 1960s [156, 157] and is an evol-
utionary technology of the Hartmann Screen test. The Shack—
Hartmann wavefront slope sensor can measure wavefront like
an interferometer but uses optical components less expensive.

The setup and principle for aberrations measurement of the
eye using a Shack—Hartmann wavefront slope sensor are illus-
trated in figure 37. An incident infrared light beam is reflec-
ted by a beam splitter and focused onto the retina. Since the
beam diameter is small (approximately 1 mm), the light spot
on the retina can be regarded as a point source independent
of eye aberrations. This point source emits spherical waves,
which will be affected by eye aberrations and become aber-
rated planar waves when leaving the eye. The aberrated waves
pass through the beam splitter and are detected by a Shack—
Hartmann wavefront slope sensor, which consists of a 2D
microlens array and a CCD camera located at the focal plane
of the microlenses. In this arrangement, the whole aberrated
wavefront is actually divided into many smallareas, which can
be locally treated as plane waves and are individually focused
onto the CCD camera. When the eye is aberration-free, the
outgoing wavefront from the eye is planar and the CCD cam-
era detects a regular spot pattern (shown as black dots in
figure 37(b)). In contrast, when the eye has aberrations, the
outgoing wavefront from the eye is aberrated and individual
parts of the wavefront are tilted with respect to the reference
wavefront, resulting in displaced focal spots (shown as red dots
in figure 37(b)) after being imaged onto the CCD camera. The
magnitude of the position shifts of the displaced spots reflects
the tilt amount of the measured wavefront and can be used to
recover the original wavefront using the algorithm described
below.

In a Shack—-Harmann wavefront slope sensor, the relation-
ship between the position shift of an actual spot and the slope
of an aberrated wavefront can be written as [22, 23]:
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OW(xy) 1 Ax,

Ox f (145)
OW(x,y) 1

8y f y’

where f is the focal length of the microlens array; Ax and Ay
denote the shifts of the actual spot with respect to its ideal posi-
tion in the x and y directions, respectively. Based on these rela-
tionships, the aberrated wavefront, W(x, y), can be recovered
using either zonal or modal algorithms [22, 24]. In a modal
reconstruction, the wavefront is represented by finite terms of
Zernike circle polynomials as:

J

W(x,y) = aiZ(x,y),

J=0

(146)

where a; is the expansion coefficients. Taking the derivatives
with respect to x and y for both side of equation (146) at each
sampling points gives [23]:

aW(ka)’k) _ d 8zj(xk7yk)
o —;a] 5 (k=1.2,....K),
’; (147)
OW(xe, i) 0Zi(x,y1) ,
5 j_zoa, 5 (k=1,2,....K),

where K is the total number of sampling points. Substituting
equation (145) into equation (147) yields a matrix equation as:

Aa=s, (148)
where:
o 9Zi(x1,)1) 02y (x1,)1) 9Z;(x1,1) 7
ox Ox Ox
9Z; (x1,)1) 07y (x1,)1) 9Z;(x1,51)
Oy Ay 9y
A= , (149
OZi (xk,yk)  9Zo(xk,yx) 9Zy(xk,yx)
ox Ox Ox
OZi (xk,yk)  9Zo(xk,yk) 0Zy(xk,yx)
L Oy dy a9y —
1 T
s=2[ Armon) A o Adww) Ao |
(150)
T
a=|a a ar | . (151)

sisa2 K x 1 column vector containing measured wavefront
slope data, ais aJ x 1 column vector containing the unknown
Zernike expansion coefficients, A is a2 K x J coefficient mat-
rix whose elements can be computed using the derivative for-
mulas of Zernike polynomials in equation (42). The unknown
a can be computed by matrix inversion as:
a=(ATA)"'ATs. (152)

Substituting the expansion coefficients (equation (152))
into equation (146) gives the wavefront aberrations of the eye.



J. Opt. 24 (2022) 123001

Topical Review

(a)

Aberrated Microlens
wavefront array  ccp
9

Human eye

Shack-Hartmann
wavefront sensor

Beam
splitter

Infrared light source

(b) Side View

Reference Aberrated
wavefront wavefront

Focal
plane

Microlens
array

Front View

Figure 37. Measurement of ocular wavefront aberration with a Shack—Hartmann wavefront slope sensor. (a) Setup schematic. (b) Principle
of Shack—Hartmann wavefront sensing. Aberrated wavefront passing through the lenslet array is focused on a CCD. f: focal length of the
lenslet array; Ax and Ay: shift of the actual spot with respect to the ideal spot in the x and y directions, respectively.

The first measurement of ocular aberration using a Shack—
Hartmann wavefront slope sensor was performed by Liang
et al in 1994 [23]. The wavefront sensor was later improved
by increasing sampling density to provide more complete
descriptions of the aberrations of the eye, including irregular
and classical aberrations [152]. Since then, measuring ocular
aberrations by Shack—Hartmann wavefront slope sensor has
become common in clinical practice. Ocular aberrations can
also be measured by a wavefront curvature sensor, in which
curvature polynomials can be used to obtain Zernike aberra-
tion coefficients [158].

In addition to wavefront reconstruction in a Shack—
Hartmann wavefront slope sensor, Zernike polynomials are
also very useful in the analysis of the aberrations of the eye
[159]. Since Zernike polynomials are orthogonal over a cir-
cular disk, their expansion coefficients contain a wealth of
measurable metrics, such as root mean square error, equival-
ent defocus, spherocylindric refraction values [155] can be
derived for more illustrative description of eye aberrations.
Consensus recommendations on definitions, conventions, and
standards of Zernike polynomials were developed by OSA in
1999 for reporting of optical aberrations of the human eye
[27]. The recommendations were later standardized in ANSI
7.80.28 [14] and ISO 24157 [15, 17] and accepted by the vision
community.
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Figure 38 shows a photograph of a commercially available
aberrometer, which uses a Shack—Hartmann wavefront slope
sensor for aberrations measurement. Zernike polynomials are
used for wavefront reconstruction and aberration reporting of
the eye [155].

4.5. Adaptive optics

Ground-based telescope is an important tool to explore the uni-
verse. Its image quality is critical to astronomical observations
but can be degraded significantly by atmospheric turbulence-
induced optical aberrations. Naturally, light coming from dis-
tant stars is plane waves before reaching the atmosphere of
the earth and can theoretically form images limited only by
the optical diffraction limit. However, due to the effect of
atmospheric turbulence, the light wavefront will be distor-
ted when propagating through the atmosphere, degrading the
image quality of a telescope. Adaptive optics is such a tech-
nology that can improve the performance of an astronomical
telescope by compensating wavefront aberrations induced by
atmospheric turbulence using wavefront correctors [160, 161].
The technique was first envisioned by Babcock in 1953 [162]
but did not come into common usage until the 1990s.

A typical adaptive optics system for an astronomical tele-
scope consists of three principal subsystems: a wavefront
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Figure 38. Photograph of a commercially available aberrometer that uses a Shack—Hartmann wavefront slope sensor. Left: Photograph of
ZEISS i.Profiler. Right: interface of its analysis software. Reproduced with permission from © ZEISS.
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Figure 39. Schematic of an astronomical telescope equipped with an adaptive optics system, which contains a deformable mirror, a
wavefront sensor, and a control computer. Reproduced with permission from [163].

sensor, a deformable mirror, and a control computer [163],
as illustrated in figure 39. Its working principle is sketched
in figure 40 and can be understood as follows. A telescope
captures the light from the object of interest, such as a dis-
tant star or a satellite. Before being focused on the cam-
era, the light is first sampled by a wavefront sensor, such as
a Shack—Hartmann wavefront sensor, and the sampling data
are transferred to a control computer. The control computer
performs mathematical reconstruction to recover the wave-
front distortion of the sampled light and drives a servo sys-
tem to control the wavefront corrector, such as a deform-
able mirror, to compensate for the wavefront distortion. After
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compensation, the wavefront of the light should be less dis-
torted, yielding images with improved quality at the cam-
era. If the light from the object is too faint to determine the
wavefront distortion, reference sources, such as nearby nat-
ural guide stars or artificial guide stars, can be used to facilitate
the correction process. Figure 41 is an example showing that
adaptive optics can improve the image quality of a telescope
significantly.

The use of Zernike polynomials in adaptive optics can be
reflected in two aspects. On one hand, Zernike polynomials
provide a unique set of functions for the representation, recon-
struction, and analysis of wavefront distortions in adaptive



J. Opt. 24 (2022) 123001 Topical Review

Telescope

2 22 Aberrated Wavefront Beam Image
Wavefront Corrector sampler detector

Control Wavefront
System sensor
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Figure 41. Adaptive optics sharpens a telescope’s view. (a) No adaptive optics. (b) With adaptive optics. AO: adaptive optics. Reproduced
from [164], with permission from Springer Nature.

optics. Generally, atmospheric turbulence, described by the nanofabrication [174-176], and optical storage [177].
Kolmogorov model [160], generates smoothly varying optical =~ Figure 42 shows representative applications of adaptive optics
wavefronts [161], which can be decomposed into different in laser fabrication, optical coherence tomography (OCT), and
modes by Zernike polynomials [9, 161]. The decomposition super-resolution microscopy with improved performance.
makes it possible to use modal algorithms to reconstruct and
analyze wavefronts measured by slope-sensitive wavefront
sensors, such as the Shack-Harmann wavefront slope sensor
described in section 4.4. On the other hand, Zernike polyno- In addition to applications in optics, Zernike polynomials
mials offer a modal basis for the compensation of wavefront also play an important role in moments-based image analysis.
distortions caused by atmospheric turbulence. In practice, both ~ Image moments are real- or complex-valued quantities used to
zonal and modal approaches are used for wavefront compens- characterize an image function and describe its features. They
ation in adaptive optics [161]. The zonal approach achieves the ~ are commonly used in statistics to characterize the distribution
Compensation by an array of independent subapertures while of random variables and in mechanics to measure the mass dis-
the modal approach compensates for distorted wavefronts over ~ tribution of a body. The use of moments for image analysis is
the whole aperture. High-order aberrations are suitable for the ~ straightforward if we treat the pixel intensity of a binary or
use of the zonal method while low-order aberrations described ~ gray level image as a random variable. Image moments, M,
can be compensated for more effectively by Zernike based can be considered as projections of an image function onto a
modal methods. Although Zernike polynomials are not stat-  set of basis functions and are mathematically defined as:
istically orthogonal and are not independent [161] when used
for turbulence compensation, they are near optimum for low- M= // S, y)(x,y)dxdy, (153)
order corrections [9, 161, 165].

To date, adaptive optics has become a standard instrument-  where f(x, y) is the image function and v (x, y) is the basis
ation suite and is in widespread use in a range of biomedical function.
and industrial applications, such as retinal imaging [166—-168], Image moments have been intensively studied in image
optical microscopy [169-172], optical tweezer [173], micro/ analysis because they can be used to construct moment

4.6. Image analysis
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Figure 42. Applications of adaptive optics in industry and biomedicine. (a) Ultrafast laser fabrication beneath the surface of diamond
without and with aberration correction. Adapted with permission from [174] © The optical Society. (b) Ultrafast laser writing of structures
in glasses without and with wavefront correction. Adapted with permission from [175] © The optical Society (c) In vivo OCT tomograms of
a normal human eye in the foveal region without and with adaptive optics. Adapted with permission from [178] © The optical Society.

(d) Mitochondria (magenta) and the plasma membrane (green) in a cell ~150 um deep in a zebrafish hindbrain imaged without and with
aberration correction and deconvolution. Reproduced from [172], with permission from Springer Nature.

invariant features for the description and recognition of
deformed objects and patterns. Common moments used
for image analysis include geometric moments, rotational
moments, complex moments, and orthogonal moments
[48, 179]. Among them, geometric moments, which use a
power series as the basis function [¢(x, y) = x"y'], are the
earliest. Based on geometric moments, Hu first introduced
moment invariants in 1962 using the theory of algebraic
invariants and constructed seven moment invariants to lin-
ear transformations (translation, rotation, scaling, and skew)
[180]. This work opens the door to moment invariants based
image analysis and pattern recognition. In contrast to geo-
metric moments, orthogonal moments are a family of image
moments that use orthogonal polynomials as the kernel. Ortho-
gonal moments have simple inverse transform and minimum
information redundancy compared with geometric moments
and are widely used in practice. Zernike moments are an
important type of orthogonal moments.

4.6.1. Zernike moments and fast calculation. Zernike
moments for image analysis and pattern recognition were
first introduced by Teague in 1980 [12]. They are defined over
a unit circle by employing Zernike polynomials as the basis
function and can be written as [12]:
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n+1
T

M, = / Sy [Vi(x,y)] dxdy, (154)

x24+y2<1

where V! is the non-normalized complex Zernike polynomi-
als (equation (16)), the asterisk denotes complex conjugate,
and M,; is the Zernike moment of degree n with repetition
l. n is a non- negative integer, / is an integer, n — lll > 0
and is even. The completeness and orthogonality of V! allow
for the representation of a square integrable image function,
f(x, y), defined on a unit disk using Zernike polynomials

as [181, 182]:
DD MuVi(x,y).
n 1

S (X, ) =
The expression in equation (155) suggests that the image,
f(x, y), can be theoretically reconstructed from its Zernike
moments. However, the practical importance of this property
is not that significant because moments are not a good tool
for image compression in general [183]. For a digital image,
equation (154) can be written in discrete form as:

SN Ay Vi)

n+1

(155)

_n+l

(156)

where x% + y2 < 1.
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Table 18. List of Zernike moments from degree zero to nine.

Degree Moments No. of Moments
0 Moo 1
1 My 1
4 My, Map,Myy 3
5 Msy,Ms3,Mss 3
6 M71,M73,M75,M77 4
7 M71,M73,M75,M77 4
8 Mgo, Mgs, Mgg, Mgs, Msg 5
9 Moy, Moz, Mos, Moz, Moo 5

Figure 43. Zernike moments are rotationally invariant. From left to right: image rotated counterclockwise by an angle of 60 degrees.

The fundamental feature of Zernike moments is their rota-
tional invariance. If the image, f(x, y) is rotated by an angle, a,
the Zernike moments of the rotated image is given by [184]:

M), = My exp(—ila). (157)

Equation (157) indicates that rotating an image will intro-
duce a phase shift to the Zernike moments but will not alter
the magnitudes. This simple property leads to the conclusion
that the magnitudes of the Zernike moments, |M,,|, can be used
as rotationally invariant features of the image function, f(x, y).
Moreover, bearing the facts that M, _; = M,,;*,|M,, _;| = | M|
in mind, one may only use |M,;| with [ > 0 as Zernike fea-
ture descriptors, as shown in table 18. Based on the Zernike
moments, two primary rotation invariants, I,y and I,,;, can be
constructed as [12, 185, 186]:

Iy = MnO»

L= Ml (158)

They are the most important and most frequently used
Zernike shape descriptors.

The rotation invariance of Zernike moments is illustrated
by a numerical experiment. Figure 43 shows a gray image of
512 x 512 pixels and its five rotated versions with rotation
angles of 60°, 120°, 180°, 240°, 300°, respectively. Table 19
presents the magnitudes of the Zernike moments up to the
third degree and their statistics (mean y and standard deviation
o). The data show that the standard deviations of the Zernike
moments are close to zero, suggesting that Zernike moments
are excellent shape descriptors for object recognition. In this
example, the reason for not obtaining exact rotation invariance
is due to discretization errors, which have been discussed by
several authors [182, 187].
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Fast computation of Zernike moments is an important
topic in Zernike moments based image analysis. To com-
pute Zernike moments at lower degrees, one can directly
use the explicit definition of Zernike polynomials. However,
for Zernike moments at higher degrees, this method is not
recommended because it involves the calculation of factorial
functions present in the radial polynomial, which is com-
putationally expensive [59]. In these cases, one can employ
fast computation algorithms, such as the recursive methods
based on the recurrence relationships of the radial polynomi-
als (section 2.2.6) [59, 62, 64], among others [63, 188]. The
recursive algorithms are reportedly more efficient and partic-
ularly suitable for fast calculation of Zernike moments.

As an important orthogonal moment, Zernike moments
employ Zernike polynomials as the basis function and over-
come the drawbacks of geometric moments. They have min-
imum information redundancy and can represent features in
a more efficient, irredundant way. To date, Zernike moments
have been widely used in many applications, such as pattern
recognition [184, 189-191], multimedia watermarking [192,
193], and medical image analysis [194, 195].

4.6.2. Pseudo Zernike moments.  Pseudo Zernike moments
stem from the pseudo Zernike polynomials (described in
section 2.5.5), which are also a set of polynomials ortho-
gonal over a unit circle analogous to the conventional Zernike
polynomials. Pseudo Zernike moments, denoted by M,,;, are
defined as [48, 186]:

n+1 27 1 %
| [ o) pans,
T Jo Jo

where V! is the pseudo Zernike polynomials defined in
equation (86), n is a nonnegative integer, / is an integer,

Mnl =

(159)
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Table 19. Magnitudes of some Zernike moments for the rotated images in figure 43 and their statistics.
| Mool M1 | Mol | M| M1 M3
0° 29 686.85 2295.99 4959.74 3543.28 3219.67 1585.55
60° 29682.93 2296.33 4969.33 3543.65 3217.36 1584.38
120° 29 685.44 2296.22 4964.34 3548.26 3220.37 1586.41
180° 29 686.85 2295.99 4959.74 3543.28 3219.67 1585.55
240° 29682.93 2296.33 4969.33 3543.65 3217.36 1584.38
300° 29685.44 2296.22 4964.34 3548.26 3220.37 1586.41
m 29685.07 2296.18 4964.47 3545.06 3219.13 1585.47
o 1.78 0.15 4.29 2.48 1.41 0.91
o/u% 0.006 0.007 0.09 0.07 0.04 0.06
and n — lll > 0. Pseudo Zernike moments are analogous properties, roles in wavefront fitting, relationships with associ-

to conventional Zernike moments (equation (154)) and also
hold the property of rotation invariance. However, they elim-
inate the constrain of n — lll = even and thus have more
moment invariants for the same degree n [Pseudo Zernike
moments contain (n 4+ 1)? invariants while Zernike moments
have (n + 1)(n + 2)/2]. It is shown that pseudo Zernike
moments are less sensitive to image noise than conven-
tional Zernike moments [48]. Pseudo Zernike moments also
have fast computation algorithms [196, 197] and have been
used in a range of image analysis and pattern recognition
applications [198, 199].

5. Discussion and conclusion

Although Zernike polynomials have been successfully used
in a range of fields, it is important to be aware of potential
pitfalls. First, Zernike circle polynomials are only orthogonal
over a unit circle. For systems with non-circular pupils, such
as annular and hexagonal pupils, Zernike circle polynomials
are neither orthogonal nor represent balanced aberrations. In
these cases, orthonormal polynomials can be constructed by
orthogonalizing Zernike circle polynomials across the pupil
[37, 105], as discussed in section 3.1. Second, Zernike poly-
nomials are only orthogonal in a continuous fashion. This sug-
gests that in general, they are not or at least not strictly ortho-
gonal over a discrete set of data points in numerical simulation
or real experiments. Potential errors should be taken into con-
sideration when data points are sparse or unevenly distributed
[200, 201]. Third, when comparing Zernike expansion coeffi-
cients of two wavefronts, it is important to specify the pupil
diameters since the expansion coefficients vary with aperture
size. This is especially true when comparing the aberrations of
the eye from two measurements. Furthermore, Zernike poly-
nomials may fail to represent some complex, irregular surfaces
or shapes using a reasonable number of terms. Representative
examples include fabrication errors present in the single-point
diamond turning process [19] and irregular corneal aberrations
of postsurgical or pathological eyes [202, 203].

In conclusion, we provide a comprehensive account of
the development of Zernike polynomials in the past sev-
eral decades, including the history, definitions, mathematical
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ated physical concepts, and connections with other polynomi-
als, and survey their state-of-the-art applications. Potential pit-
falls when using the Zernike polynomials are also discussed.

For Zernike polynomials over circular pupils, there are at
least six different indexing schemes used by national and inter-
national standards, commercial software, and prominent sci-
entists, including the Noll, OSA/ANSI, Fringe (University of
Arizona), ISO-14999, Born and Wolf, Malacara indices. All
indices share the same expression for the radial polynomi-
als, which is the eigenfunctions of a second-order rotationally
invariant partial differential equation [1, 6]. However, they
differ from each other in naming, normalization, and index-
ing strategies, which are compared and summarized (table 8).
Zernike polynomials possess rigorous mathematical proper-
ties, such as orthogonality and symmetry, and are closely
related to other functions, such as XY monomials, Jacobi
polynomials, Legendre polynomials, Bessel functions, and
pseudo Zernike polynomials. Their Fourier transform, integ-
ration representation, derivative, and recurrence relations can
be explicitly obtained to facilitate solving complex problems.
Zernike polynomials are well-suited for wavefront analysis
in optics because they have good corresponding relationships
with Seidel aberrations. The wavefront fitting problem can be
solved using the least-squares method. Expansion coefficients
represent the standard deviations of corresponding aberration
terms (except the piston term) and contain a wealth of inform-
ation about the wavefront. The expansion coefficients can be
easily transformed when the original wavefront is translated,
rotated, or resized (section 2.3.2).

Zernike circle polynomials are only orthogonal over
the interior of a unit circle. Polynomials orthogonal over
non-circular pupils can be constructed based on Zernike
circle polynomials. The most commonly used construction
approach is the recursive Gram—Schmidt orthogonalization
method. Based on this method, orthonormal polynomials
over five noncircular pupils, including annular, rectangular,
square, hexagonal, and elliptical pupils common in optics,
are discussed. The orthonormal polynomials over annular
pupils, called Zernike annular polynomials, are reviewed with
emphasis due to their practical significance. The Zernike annu-
lar polynomials are defined based on the Noll indices and
their recurrence relations and Fourier transform are explicitly
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presented. The Zernike annular polynomials have similar cor-
responding relationships with Seidel aberrations as Zernike
circle polynomials and are well-suited for wavefront analysis
over annular pupils.

In addition, we also survey state-of-the-art applications of
Zernike polynomials in a range of fields, including the dif-
fraction theory of aberrations, optical design, optical testing,
ophthalmic optics, adaptive optics, and image analysis. In
the diffraction theory of aberrations, Zernike polynomials are
used to expand the wavefront aberration at the exit pupil of
an optical system and corresponding expansion coefficients
are used to compute the PSF at the image plane according
to the (extended) Nijboer—Zernike theory. In optical design,
Zernike polynomials are used to analyze the wavefront aberra-
tion of a designed optical system, represent freeform surfaces,
and facilitate system optimization. In optical testing, Zernike
polynomials are used to fit measured interferometric wave-
fronts and remove misalignment errors. In ophthalmic optics,
Zernike polynomials are used to reconstruct ocular wave-
front measured by a Shack—Hartmann wavefront slope sensor
and report optical aberrations of the eye. In adaptive optics,
Zernike polynomials are used for the representation, recon-
struction, and compensation of optical wavefronts distorted by
atmospheric turbulence. In image analysis, Zernike polynomi-
als are used to define Zernike moments and pseudo Zernike
moments, which hold the property of rotation invariance and
can be used as shape descriptors for pattern recognition.

This review is aimed to clear up the confusion of different
indexing schemes, provide a self-contained reference guide for
beginners as well as specialists, and facilitate further develop-
ments and applications of Zernike polynomials.

Data availability statement

The data generated and/or analyzed during the current
study are not publicly available for legal/ethical reasons but
are available from the corresponding author on reasonable
request.

Acknowledgments

We thank Xiaoxiao Ma, Heren Li and Jin Wei for proofread-
ing the manuscript. This work is supported in part by the
National Natural Science Foundation of China (NSFC) under
Grant Nos. 62122072, 12174368, and 61705216, the National
Key R&D Program under Grant No. 2022YFA 1404400, the
Institute of Artificial Intelligence at Hefei Comprehensive
National Science Center under Grant No. 21KTO016, the
Anhui Science and Technology Department under Grant Nos.
202203a07020020 and 18030801138, the Zhejiang Lab under
Grant No. 2019MCO0ABO1, the Research Fund of the Chinese
Academy of Sciences (CAS), and the Research Fund of the
Double First Class Initiative.

Conflict of interest

The authors declare no conflicts of interest.

51

ORCID iDs

Kuo Niu
Chao Tian

https://orcid.org/0000-0002-3463-7478
https://orcid.org/0000-0003-4971-770X

References

[1] Zernike F 1934 Mon. Not. R. Astron. Soc. 94 377-84

[2] Zernike F 1934 Physica 1 689704

[3] Bhatia A B and Wolf E 1954 Math. Proc. Camb. Phil. Soc.
50 4048

[4] Mahajan V N 1981 J. Opt. Soc. Am. 71 75-85

[5] Tatian B 1974 J. Opt. Soc. Am. 64 1083-91

[6] Nijboer B R A 1942 PhD Thesis University of Groningen

[7] Mir M, Bhaduri B, Wang R, Zhu R and Popescu G 2012
Quantitative Phase Imaging (Amsterdam: Elsevier)
ch3

[8] Janssen A J E M 2002 J. Opt. Soc. Am. A 19 849-57

[9] Noll RJ 1976 J. Opt. Soc. Am. 66 207-11

[10] Loomis J S 1976 FRINGE User’s manual, Version 2 (Tucson:
Optical Sciences Center, University of Arizona)

[11] Loomis J 1978 A Computer Program for Analysis of
Interferometric Data (Philadelphia: American Society for
Testing and Materials)

[12] Teague M R 1980 J. Opt. Soc. Am. 70 920-30

[13] ANSI Z80.28-2004 2004 Ophthalmics—methods of
reporting optical aberrations of eyes

[14] ANSI Z80.28-2017 2017 Ophthalmics—methods of
reporting optical aberrations of eyes

[15] ISO 24157:2008(E) 2008 Ophthalmic optics and
instruments—reporting aberrations of the human eye

[16] International Organization for Standardization (ISO) 2019
ISO/TR 14999-2:2019(E) Optics and
photonics—interferometric measurement of optical
elements and optical systems—Part 2: measurement and
evaluation techniques

[17] ISO 24157:2008/Amd 1:2020 2020 Ophthalmic optics and
instruments—reporting aberrations of the human eye

[18] Dai G M 2008 Wavefront Optics for Vision Correction
(Bellingham, WA: SPIE Optical Engineering Press)

[19] WyantJ C and Creath K 1992 Basic Wavefront Aberration
Theory for Optical Metrology (New York: Academic)

[20] Alonso J, Gémez-Pedrero J A and Quiroga J A 2019 Modern
Ophthalmic Optics (Cambridge: Cambridge University
Press)

[21] Nijboer B R A 1947 Physica 13 605-20

[22] Southwell W H 1980 J. Opt. Soc. Am. 70 998-1006

[23] Liang J, Grimm B, Goelz S and Bille J F 1994 J. Opt. Soc.
Am. A 11 1949-57

[24] Dai F, Tang F, Wang X, Sasaki O and Feng P 2012 Appl. Opt.
51 5028-37

[25] Zemax 2018 Zemax OpticStudio 18.4 User Manual pp
990-1000

[26] Thibos L N, Applegate R A, Schwiegerling J T and Webb R
2000 OSA Vision Science and Its Applications (Santa Fe,
New Mexico, United States) (https://doi.org/10.1364/
VSIA.2000.SuC1)

[27] Thibos L N, Applegate R A, Schwiegerling J T and Webb R
2002 J. Refract. Surg. 18 652-60

[28] International Organization for Standardization (ISO) 2005
Optics and photonics—interferometric measurement of
optical elements and optical systems—Part 2:
measurement and evaluation techniques

[29] Synopsys Inc 2017 CODE V V11.1 Reference Manual:
Appendix A Zernike Polynomials

[30] Malacara-Herndndez D 1978 Appendix Il. Zernike
Polynomials and Wavefront Fitting (Hoboken, NJ: Wiley)


https://orcid.org/0000-0002-3463-7478
https://orcid.org/0000-0002-3463-7478
https://orcid.org/0000-0003-4971-770X
https://orcid.org/0000-0003-4971-770X
https://doi.org/10.1093/mnras/94.5.377
https://doi.org/10.1093/mnras/94.5.377
https://doi.org/10.1016/S0031-8914(34)80259-5
https://doi.org/10.1016/S0031-8914(34)80259-5
https://doi.org/10.1017/S0305004100029066
https://doi.org/10.1017/S0305004100029066
https://doi.org/10.1364/JOSA.71.000075
https://doi.org/10.1364/JOSA.71.000075
https://doi.org/10.1364/JOSA.64.001083
https://doi.org/10.1364/JOSA.64.001083
https://doi.org/10.1364/JOSAA.19.000849
https://doi.org/10.1364/JOSAA.19.000849
https://doi.org/10.1364/JOSA.66.000207
https://doi.org/10.1364/JOSA.66.000207
https://doi.org/10.1364/JOSA.70.000920
https://doi.org/10.1364/JOSA.70.000920
https://doi.org/10.1016/0031-8914(47)90052-9
https://doi.org/10.1016/0031-8914(47)90052-9
https://doi.org/10.1364/JOSA.70.000998
https://doi.org/10.1364/JOSA.70.000998
https://doi.org/10.1364/JOSAA.11.001949
https://doi.org/10.1364/JOSAA.11.001949
https://doi.org/10.1364/AO.51.005028
https://doi.org/10.1364/AO.51.005028
https://doi.org/10.1364/VSIA.2000.SuC1
https://doi.org/10.1364/VSIA.2000.SuC1
https://doi.org/10.3928/1081-597X-20020901-30
https://doi.org/10.3928/1081-597X-20020901-30

J. Opt. 24 (2022) 123001

Topical Review

[31] Malacara-Herndndez D and DeVore S L 1992 Interferogram
Evaluation and Wavefront Fitting (Hoboken, NJ: Wiley)
ch 13

[32] Born M and Wolf E 1999 Principles of Optics (Cambridge:
Cambridge University Press)

[33] Lakshminarayanan V and Fleck A 2011 J. Mod. Opt.
58 545-61

[34] Wang J Y and Silva D E 1980 Appl. Opt. 19 1510-8

[35] Mahajan V N 1994 Appl. Opt. 33 81214

[36] Mahajan V N 2007 Zernike Polynomials and Wavefront
Fitting (Hoboken, NJ: Wiley) ch 13

[37] Mahajan V N and Dai G M 2007 J. Opt. Soc. Am. A
24 2994-3016

[38] COMSOL 2018 Ray optics module User’s guide pp 1568

[39] Sinjab M M and Cummings A B 2018 Introduction to
Wavefront Science (Berlin: Springer) ch 2

[40] Creath K and Parks R E 2014 Proc. SPIE 9186 91860T

[41] Koliopoulos C L 2014 The Value of Fringes: How
Interferometry Made Money (Berlin: Springer)

[42] Shannon R R 1997 The Art and Science of Optical Design
(Cambridge: Cambridge University Press)

[43] Gray R W 2015 PhD Thesis University of Rochester

[44] Lambda Research Corporation 2020 OSLO program
reference pp 90-93

[45] Lambda Research Corporation 2020 OSLO optics reference
pp 123-6

[46] Corporation Z 2004 MetroPro Reference Guide OMP-0347]
pp 10-30

[47] Wolf E 1951 Rep. Prog. Phys. 14 95-120

[48] Teh C-H and Chin R T 1988 IEEE Trans. Pattern Anal.
Mach. Intell. 10 496-513

[49] Gray R W, Dunn C, Thompson K P and Rolland J P 2012
Opt. Express 20 16436-49

[50] Born M and Wolf E 1964 Principles of Optics (Oxford:
Pergamon)

[51] Zwillinger D 2018 CRC Standard Mathematical Tables and
Formulas (Boca Raton, FL: CRC Press)

[52] Greengard P and Serkh K 2018 pp 1-35 (arXiv:1811.02720)

[53] Dai G M 2006 Opt. Lett. 31 501-3

[54] Nikiforov A F and Uvarov V B 1988 Special Functions of
Mathematical Physics (Berlin: Springer)

[55] Novék P, Novak J and Miks A 2014 Opt. Lasers Eng. 52 7-12

[56] Stephenson P C L 2014 J. Opt. Soc. Am. A 31 708-15

[57] Janssen A J E M 2014 J. Opt. Soc. Am. A 31 1604-13

[58] Tian C, Yang Y, Wei T and Zhuo Y 2011 Appl. Opt.
50 3559-69

[59] Chong C-W, Raveendran P and Mukundan R 2003 Pattern
Recognit. 36 731-42

[60] GW Forbes 2010 Opt. Express 18 13851-62

[61] Andersen T B 2018 Opt. Express 26 18878-96

[62] Shakibaei B H and Paramesran R 2013 Opt. Lett. 38 2487-9

[63] Hwang S-K and Kim W-Y 2006 Pattern Recognit.
39 2065-76

[64] Singh C and Walia E 2010 Pattern Recognit. 43 2497-506

[65] Kintner E C 1976 Opt. Acta 23 679-80

[66] Prata A and Rusch W V T 1989 Appl. Opt. 28 749-54

[67] Deng A-W, Wei C-H and Gwo C-Y 2016 Pattern Recognit.
56 16-25

[68] Tian C, Chen X and Liu S 2016 Opt. Express 24 3572-83

[69] Tian C, Yang Y, Zhuo Y, Ling T and Li H 2012 Opt. Lasers
Eng. 50 496-501

[70] Guirao A, Williams D R and Cox I G 2001 J. Opt. Soc. Am.
A 18 1003-15

[71] Chernyak D A 2004 J. Cataract Refract. Surg. 30 633-8

[72] Schwiegerling J 2002 J. Opt. Soc. Am. A 19 193745

[73] Lundstrom L and Unsbo P 2007 J. Opt. Soc. Am. A
24 569-77

[74] Shu H, Luo L, Han G and Coatrieux J-L 2006 J. Opt. Soc.
Am. A 23 1960-6

52

[75] Campbell C E 2003 J. Opt. Soc. Am. A 20 209-17

[76] Bara S, Arines J, Ares J and Prado P 2006 J. Opt. Soc. Am. A
23 2061-6

[77] Diaz J A, Fernandez-Dorado J, Pizarro C and Arasa J 2009 J.
Mod. Opt. 56 131-7

[78] Goldberg K A and Geary K 2001 J. Opt. Soc. Am. A
18 2146-52

[79] Janssen A J E M and Dirksen P 2006 J. Micro/Nanolith.
MEMS MOEMS 5 030501

[80] Mahajan V N 2010 Appl. Opt. 49 53747

[81] Janssen A JE M 2011 J. Eur. Opt. Soc. Rapid Publ. 6 11028

[82] Dai G M 2006 J. Opt. Soc. Am. A 23 53943

[83] Schwiegerling J 2011 Opt. Lett. 36 30768

[84] Mouroulis P and Macdonald J 1997 Geometrical Optics and
Optical Design (New York: Oxford University Press)

[85] Hopkins H H 1950 Wave Theory of Aberrations (Oxford:
Clarendon)

[86] Mahajan V N 1982 J. Opt. Soc. Am. 72 1258-66

[87] Mahajan V N 1983 J. Opt. Soc. Am. A 73 860-1

[88] Dai G M 2006 J. Opt. Soc. Am. A 23 1657-68

[89] Kwee I W and Braat J J M 1993 Pure Appl. Opt. J. Eur. Opt.
Soc. A221-32

[90] Weisstein E W 2002 CRC Concise Encyclopedia of
Mathematics (Boca Raton, FL: CRC Press)

[91] Andrews G E and Askey R 1985 Classical Orthogonal
Polynomials (Berlin: Springer)

[92] Arfken G B and Weber H J 1995 Mathematical Methods for
Physicists (San Diego: Academic)

[93] Deans S R 1983 The Radon Transform and Some of Its
Applications (New York: Wiley)

[94] Janssen A J E M and Dirksen P 2007 J. Eur. Opt. Soc. Rapid
Publ. 207012

[95] Dai G M and Mahajan V N 2007 J. Opt. Soc. Am. A
24 139-55

[96] Wilson R N 2007 Reflecting Telescope Optics I: Basic Design
Theory and Its Historical Development (Berlin: Springer)

[97] Wilson R N 2013 Reflecting Telescope Optics I1:
Manufacture, Testing, Alignment, Modern Techniques
(Berlin: Springer)

[98] Wyatt HJ 1995 Vis. Res. 35 2021-36

[99] Mahajan V N 2010 Appl. Opt. 49 6924-9

[100] YeJ, Gao Z, Wang S, Cheng J, Wang W and Sun W 2014 J.
Opt. Soc. Am. A 31230411

[101] Miller G H, Moses E I and Wuest C R 2004 Nucl. Fusion
44 228-38

[102] Dai G M and Mahajan V N 2007 Opt. Lett. 32 74-76

[103] Meyer C D 2000 Matrix Analysis and Applied Linear
Algebra (Philadelphia: Society for Industrial and Applied
Mathematics)

[104] Mahajan V N 2013 Optical Imaging and Aberrations, Part
111: Wavefront Analysis (Bellingham, WA: SPIE Optical
Engineering Press)

[105] Dai G M and Mahajan V N 2008 Appl. Opt. 47 3433-45

[106] Swantner W H and Chow W W 1994 Appl. Opt.

33 1832-7

[107] Upton R and Ellerbroek B 2004 Opt. Lett. 29 2840-2

[108] Mahajan V N and Dai G M 2006 Opt. Lett. 31 24624

[109] Liu Y M, Lawrence G N and Koliopoulos C L 1988 Appl.
Opt. 27 4504-13

[110] Hou X, Wu F, Yang L, Wu S and Chen Q 2006 Appl. Opt.
45 3442-55

[111] Kiichel M F 2009 Proc. SPIE 7389 738916

[112] Mahajan V N 1994 Appl. Opt. 33 8125-7

[113] Hou X, Wu F, Yang L and Chen Q 2006 Appl. Opt.

45 8893-901

[114] van Haver S 2010 PhD thesis Delft University of Technology

[115] Goodman J W 2005 Introduction to Fourier Optics
(Greenwood Village, CO: Roberts & Company)

[116] Mahajan V N and Diaz J A 2013 Appl. Opt. 52 2062-74


https://doi.org/10.1080/09500340.2011.554896
https://doi.org/10.1080/09500340.2011.554896
https://doi.org/10.1364/AO.19.001510
https://doi.org/10.1364/AO.19.001510
https://doi.org/10.1364/AO.33.008121
https://doi.org/10.1364/AO.33.008121
https://doi.org/10.1364/JOSAA.24.002994
https://doi.org/10.1364/JOSAA.24.002994
https://doi.org/10.1088/0034-4885/14/1/304
https://doi.org/10.1088/0034-4885/14/1/304
https://doi.org/10.1109/34.3913
https://doi.org/10.1109/34.3913
https://doi.org/10.1364/OE.20.016436
https://doi.org/10.1364/OE.20.016436
https://arxiv.org/abs/1811.02720
https://doi.org/10.1364/OL.31.000501
https://doi.org/10.1364/OL.31.000501
https://doi.org/10.1016/j.optlaseng.2013.07.012
https://doi.org/10.1016/j.optlaseng.2013.07.012
https://doi.org/10.1364/JOSAA.31.000708
https://doi.org/10.1364/JOSAA.31.000708
https://doi.org/10.1364/JOSAA.31.001604
https://doi.org/10.1364/JOSAA.31.001604
https://doi.org/10.1364/AO.50.003559
https://doi.org/10.1364/AO.50.003559
https://doi.org/10.1016/S0031-3203(02)00091-2
https://doi.org/10.1016/S0031-3203(02)00091-2
https://doi.org/10.1364/OE.18.013851
https://doi.org/10.1364/OE.18.013851
https://doi.org/10.1364/OE.26.018878
https://doi.org/10.1364/OE.26.018878
https://doi.org/10.1364/OL.38.002487
https://doi.org/10.1364/OL.38.002487
https://doi.org/10.1016/j.patcog.2006.03.004
https://doi.org/10.1016/j.patcog.2006.03.004
https://doi.org/10.1016/j.patcog.2010.02.005
https://doi.org/10.1016/j.patcog.2010.02.005
https://doi.org/10.1080/713819334
https://doi.org/10.1080/713819334
https://doi.org/10.1364/AO.28.000749
https://doi.org/10.1364/AO.28.000749
https://doi.org/10.1016/j.patcog.2016.02.014
https://doi.org/10.1016/j.patcog.2016.02.014
https://doi.org/10.1364/OE.24.003572
https://doi.org/10.1364/OE.24.003572
https://doi.org/10.1016/j.optlaseng.2011.09.013
https://doi.org/10.1016/j.optlaseng.2011.09.013
https://doi.org/10.1364/JOSAA.18.001003
https://doi.org/10.1364/JOSAA.18.001003
https://doi.org/10.1016/j.jcrs.2003.08.022
https://doi.org/10.1016/j.jcrs.2003.08.022
https://doi.org/10.1364/JOSAA.19.001937
https://doi.org/10.1364/JOSAA.19.001937
https://doi.org/10.1364/JOSAA.24.000569
https://doi.org/10.1364/JOSAA.24.000569
https://doi.org/10.1364/JOSAA.23.001960
https://doi.org/10.1364/JOSAA.23.001960
https://doi.org/10.1364/JOSAA.20.000209
https://doi.org/10.1364/JOSAA.20.000209
https://doi.org/10.1364/JOSAA.23.002061
https://doi.org/10.1364/JOSAA.23.002061
https://doi.org/10.1080/09500340802531224
https://doi.org/10.1080/09500340802531224
https://doi.org/10.1364/JOSAA.18.002146
https://doi.org/10.1364/JOSAA.18.002146
https://doi.org/10.1117/1.2345672
https://doi.org/10.1117/1.2345672
https://doi.org/10.1364/AO.49.005374
https://doi.org/10.1364/AO.49.005374
https://doi.org/10.2971/jeos.2011.11028
https://doi.org/10.2971/jeos.2011.11028
https://doi.org/10.1364/JOSAA.23.000539
https://doi.org/10.1364/JOSAA.23.000539
https://doi.org/10.1364/OL.36.003076
https://doi.org/10.1364/OL.36.003076
https://doi.org/10.1364/JOSA.72.001258
https://doi.org/10.1364/JOSA.72.001258
https://doi.org/10.1364/JOSA.73.000860
https://doi.org/10.1364/JOSA.73.000860
https://doi.org/10.1364/JOSAA.23.001657
https://doi.org/10.1364/JOSAA.23.001657
https://doi.org/10.1088/0963-9659/2/1/004
https://doi.org/10.1088/0963-9659/2/1/004
https://doi.org/10.2971/jeos.2007.07012
https://doi.org/10.2971/jeos.2007.07012
https://doi.org/10.1364/JOSAA.24.000139
https://doi.org/10.1364/JOSAA.24.000139
https://doi.org/10.1016/0042-6989(94)00268-Q
https://doi.org/10.1016/0042-6989(94)00268-Q
https://doi.org/10.1364/AO.49.006924
https://doi.org/10.1364/AO.49.006924
https://doi.org/10.1364/JOSAA.31.002304
https://doi.org/10.1364/JOSAA.31.002304
https://doi.org/10.1088/0029-5515/44/12/S14
https://doi.org/10.1088/0029-5515/44/12/S14
https://doi.org/10.1364/OL.32.000074
https://doi.org/10.1364/OL.32.000074
https://doi.org/10.1364/AO.47.003433
https://doi.org/10.1364/AO.47.003433
https://doi.org/10.1364/AO.33.001832
https://doi.org/10.1364/AO.33.001832
https://doi.org/10.1364/OL.29.002840
https://doi.org/10.1364/OL.29.002840
https://doi.org/10.1364/OL.31.002462
https://doi.org/10.1364/OL.31.002462
https://doi.org/10.1364/AO.27.004504
https://doi.org/10.1364/AO.27.004504
https://doi.org/10.1364/AO.45.003442
https://doi.org/10.1364/AO.45.003442
https://doi.org/10.1364/AO.33.008125
https://doi.org/10.1364/AO.33.008125
https://doi.org/10.1364/AO.45.008893
https://doi.org/10.1364/AO.45.008893
https://doi.org/10.1364/AO.52.002062
https://doi.org/10.1364/AO.52.002062

J. Opt. 24 (2022) 123001

Topical Review

[117] Gonzalez R C and Woods R E 2008 Digital Image
Processing (Upper Saddle River, NJ: Pearson Education)

[118] BraatJ J M, Dirksen P and Janssen A J E M 2002 J. Opt. Soc.

Am. A 19 858-70

[119] BraatJ J M, van Haver S J, Augustus J E M and Dirksen P
2008 Assessment of Optical Systems by Means of
Point-spread Functions (Amsterdam: Elsevier) ch 6

[120] van Haver S and Janssen A J E M 2013 J. Eur. Opt. Soc.
Rapid Publ. 8 13044

[121] van der Avoort C, Braat J J] M, Dirksen P and Janssen AJ E
M 2005 J. Mod. Opt. 52 1695-728

[122] Dirksen P, Braat J ] M and Janssen A J E M 2006 J.
Micro/Nanolith. MEMS MOEMS 5 013005

[123] van Haver S, Coene W M J, D’havé K, Geypen N, van
Adrichem P, de Winter L, Janssen A J E M and Cheng S
2014 Appl. Opt. 53 2562-82

[124] Aarts R M and Janssen A J E M 2009 J. Acoust. Soc. Am.
125 1444-55

[125] Aarts R M and Janssen A J E M 2011 J. Acoust. Soc. Am.
129 2952-9

[126] Zemax 2018 Zemax OpticStudio 18.4 User Manual p 1484

[127] YeJ, Chen L, Li X, Yuan Q and Gao Z 2017 Opt. Eng.
56 110901

[128] Takaki N, Bauer A and Rolland J P 2018 Appl. Opt.
57 10348-54

[129] Kaya I, Thompson K P and Rolland J P 2012 Opt. Express
20 22683-91

[130] Bauer A, Schiesser E M and Rolland J P 2018 Nat. Commun.

91756

[131] Zheng Z, Sun X, Liu X and Gu P 2008 Displays 29 412-7

[132] Zemax 2018 Zemax OpticStudio 18.4 user manual pp 342-7

[133] Fuerschbach K, Davis G E, Thompson K P and Rolland J P
2014 Opt. Lett. 39 2896-9

[134] Briers ] D 1999 Opt. Lasers Eng. 32 111-38

[135] Wyant J C 1979 Science 206 16872

[136] Bruning J H, Herriott D R, Gallagher J E, Rosenfeld D P,
White A D and Brangaccio D J 1974 Appl. Opt.
13 2693-703

[137] Schreiber H and Bruning J H 2007 Phase Shifting
Interferometry (Hoboken, NJ: Wiley) ch 14

[138] Dorband B, Miiller H and Gross H 2012 Handbook of
Optical Systems, Volume 5: Metrology of Optical
Components and Systems (Weinheim: Wiley)

[139] WyantJ C 2013 Appl. Opt. 52 1-8

[140] De Groot P J 2019 Rep. Prog. Phys. 82 056101

[141] Tian C and Liu S 2016 Opt. Express 24 18695-708

[142] Creath K 1988 Phase-Measurement Interferometry
Techniques (Amsterdam: Elsevier)

[143] Tian C, Yang Y, Wei T, Ling T and Zhuo Y 2011 Opt. Lett.
36 2318-20

[144] Tian C, Yang Y, Liu D, Luo Y and Zhuo Y 2010 App!. Opt.
49 170-9

[145] Ghiglia D C and Pritt M D 1998 Tiwo-Dimensional Phase
Unwrapping: Theory, Algorithms, and Software
(Hoboken, NJ: Wiley)

[146] Malacara-Hernandez D, Servin M and
Malacara-Hernandez Z 2005 Interferogram Analysis for
Optical Testing (Boca Raton, FL: CRC Press)

[147] Tian C, Yang Y and Zhuo Y 2012 Appl. Opt. 51 1598-604

[148] Evans C J 2009 Opt. Eng. 48 043605

[149] Porter J, Guirao A, Cox I G and Williams D R 2001 J. Opt.
Soc. Am. A 18 1793-803

[150] Lombardo M and Lombardo G 2010 J. Cataract Refract.
Surg. 36 313-31

[151] Williams D, Yoon G Y, Porter J, Guirao A, Hofer H and
Cox 12000 J. Refract. Surg. 16 554-9

[152] Liang J and Williams D R 1997 J. Opt. Soc. Am. A
14 2873-83

53

[153] Mrochen M, Kaemmerer M and Seiler T 2000 J. Refract.
Surg. 16 116-21

[154] Maeda N 2009 Clin. Experiment. Ophthalmol. 37 118-29

[155] Kaschke M, Donnerhacke K-H and Rill M S 2014 Optical
Devices in Ophthalmology and Optometry: Technology,
Design Principles, and Clinical Applications (Weinheim:
Wiley)

[156] Shack R V and Platt B C 1971 J. Opt. Soc. Am. 61 656

[157] Platt B C and Shack R 2001 J. Refract. Surg. 17 573-7

[158] Mahajan V N and Acosta E 2020 Appl. Opt. 59 G120-G128

[159] Applegate R A, Ballentine C, Gross H, Sarver E J and
Sarver C A 2003 Optom. Vis. Sci. 80 97-105

[160] Davies R and Kasper M 2012 Annu. Rev. Astron. Astrophys.
50 305-51

[161] Hardy J W 1998 Adaptive Optics for Astronomical
Telescopes (New York: Oxford University Press)

[162] Babcock H W 1953 Publ. Astron. Soc. Pac. 65 229-36

[163] Tyson R K 2000 Introduction to Adaptive Optics
(Bellingham, WA: SPIE Optical Engineering Press)

[164] Ji N 2017 Nat. Methods 14 374-80

[165] Wang J Y and Markey J K 1978 J. Opt. Soc. Am. 68 78-87

[166] Roorda A and Duncan J L 2015 Ann. Rev. Vis. Sci.
119-50

[167] Pircher M and Zawadzki R J 2017 Biomed. Opt. Express
8 2536-62

[168] Wojtkowski M, Kaluzny B and Zawadzki R J 2012 Optom.
Vis. Sci. 89 524-42

[169] Booth M J 2007 Phil. Trans. Roy. Soc. A 365 282943

[170] Booth M J 2014 Light Sci. Appl 3 €165

[171] Zheng W et al 2017 Nat. Methods 14 869-72

[172] Marx V 2017 Nat. Methods 14 1133-6

[173] ArltJ, Wilson L, Theofanidou E and Hossack W J 2004
Proc. SPIE 5514 410-8

[174] Simmonds R D, Salter P S, Jesacher A and Booth M J 2011
Opt. Express 19 24122-8

[175] Mauclair C, Mermillod-Blondin A, Huot N, Audouard E and
Stoian R 2008 Opt. Express 16 5481-92

[176] Salter P S and Booth M J 2019 Light Sci. Appl 8 110

[177] Booth M J, Schwertner M, Wilson T, Nakano M, Kawata Y,
Nakabayashi M and Miyata S 2006 Appl. Phys. Lett.
88 031109

[178] Hermann B, Fernandez E, Unterhuber A, Sattmann H,
Fercher A, Drexler W, Prieto P and Artal P 2004 Opt. Lett.
2921424

[179] Liao S X and Pawlak M 1996 IEEE Trans. Pattern Anal.
Mach. Intell. 18 254-66

[180] Hu M K 1962 IEEE Trans. Inf. Theory 8 179-87

[181] Khotanzad A and Hong Y H 1990 Pattern Recognit.
23 1089-101

[182] Liao S X and Pawlak M 1998 IEEE Trans. Pattern Anal.
Mach. Intell. 20 1358-64

[183] Flusser J, Suk T and Zitovad B 2016 2D and 3D Image
Analysis by Moments (Hoboken, NJ: Wiley)

[184] Khotanzad A and Hong Y H 1990 IEEE Trans. Pattern Anal.
Mach. Intell. 12 489-97

[185] Belkasim S O, Shridhar M and Ahmadi M 1991 Pattern
Recognit. 24 1117-38

[186] Prokop R J and Reeves A P 1992 CVGIP. Graph. Models
Image Process. 54 438—-60

[187] Wee C Y and Paramesran R 2007 Image Vis. Comput.
25967-80

[188] Mukundan R and Ramakrishnan K R 1995 Pattern Recognit.
28 1433-42

[189] Kan C and Srinath M D 2002 Pattern Recognit. 35 143-54

[190] Tan C-W and Kumar A 2014 IEEE Trans. Image Process.
23 3962-74

[191] Kim W-Y and Kim Y-S 2000 Signal Process. Image
Commun. 16 95-102


https://doi.org/10.1364/JOSAA.19.000858
https://doi.org/10.1364/JOSAA.19.000858
https://doi.org/10.2971/jeos.2013.13044
https://doi.org/10.2971/jeos.2013.13044
https://doi.org/10.1080/09500340500072547
https://doi.org/10.1080/09500340500072547
https://doi.org/10.1117/1.2168449
https://doi.org/10.1117/1.2168449
https://doi.org/10.1364/AO.53.002562
https://doi.org/10.1364/AO.53.002562
https://doi.org/10.1121/1.3075594
https://doi.org/10.1121/1.3075594
https://doi.org/10.1121/1.3562558
https://doi.org/10.1121/1.3562558
https://doi.org/10.1117/1.OE.56.11.110901
https://doi.org/10.1117/1.OE.56.11.110901
https://doi.org/10.1364/AO.57.010348
https://doi.org/10.1364/AO.57.010348
https://doi.org/10.1364/OE.20.022683
https://doi.org/10.1364/OE.20.022683
https://doi.org/10.1038/s41467-018-04186-9
https://doi.org/10.1038/s41467-018-04186-9
https://doi.org/10.1016/j.displa.2008.01.001
https://doi.org/10.1016/j.displa.2008.01.001
https://doi.org/10.1364/OL.39.002896
https://doi.org/10.1364/OL.39.002896
https://doi.org/10.1016/S0143-8166(99)00062-7
https://doi.org/10.1016/S0143-8166(99)00062-7
https://doi.org/10.1126/science.206.4415.168
https://doi.org/10.1126/science.206.4415.168
https://doi.org/10.1364/AO.13.002693
https://doi.org/10.1364/AO.13.002693
https://doi.org/10.1364/AO.52.000001
https://doi.org/10.1364/AO.52.000001
https://doi.org/10.1088/1361-6633/ab092d
https://doi.org/10.1088/1361-6633/ab092d
https://doi.org/10.1364/OE.24.018695
https://doi.org/10.1364/OE.24.018695
https://doi.org/10.1364/OL.36.002318
https://doi.org/10.1364/OL.36.002318
https://doi.org/10.1364/AO.49.000170
https://doi.org/10.1364/AO.49.000170
https://doi.org/10.1364/AO.51.001598
https://doi.org/10.1364/AO.51.001598
https://doi.org/10.1117/1.3119307
https://doi.org/10.1117/1.3119307
https://doi.org/10.1364/JOSAA.18.001793
https://doi.org/10.1364/JOSAA.18.001793
https://doi.org/10.1016/j.jcrs.2009.09.026
https://doi.org/10.1016/j.jcrs.2009.09.026
https://doi.org/10.3928/1081-597X-20000901-12
https://doi.org/10.3928/1081-597X-20000901-12
https://doi.org/10.1364/JOSAA.14.002873
https://doi.org/10.1364/JOSAA.14.002873
https://doi.org/10.3928/1081-597X-20000301-03
https://doi.org/10.3928/1081-597X-20000301-03
https://doi.org/10.1111/j.1442-9071.2009.02005.x
https://doi.org/10.1111/j.1442-9071.2009.02005.x
https://doi.org/10.3928/1081-597X-20010901-13
https://doi.org/10.3928/1081-597X-20010901-13
https://doi.org/10.1364/AO.391958
https://doi.org/10.1364/AO.391958
https://doi.org/10.1097/00006324-200302000-00005
https://doi.org/10.1097/00006324-200302000-00005
https://doi.org/10.1146/annurev-astro-081811-125447
https://doi.org/10.1146/annurev-astro-081811-125447
https://doi.org/10.1086/126606
https://doi.org/10.1086/126606
https://doi.org/10.1038/nmeth.4218
https://doi.org/10.1038/nmeth.4218
https://doi.org/10.1364/JOSA.68.000078
https://doi.org/10.1364/JOSA.68.000078
https://doi.org/10.1146/annurev-vision-082114-035357
https://doi.org/10.1146/annurev-vision-082114-035357
https://doi.org/10.1364/BOE.8.002536
https://doi.org/10.1364/BOE.8.002536
https://doi.org/10.1097/OPX.0b013e31824eecb2
https://doi.org/10.1097/OPX.0b013e31824eecb2
https://doi.org/10.1098/rsta.2007.0013
https://doi.org/10.1098/rsta.2007.0013
https://doi.org/10.1038/lsa.2014.46
https://doi.org/10.1038/lsa.2014.46
https://doi.org/10.1038/nmeth.4337
https://doi.org/10.1038/nmeth.4337
https://doi.org/10.1038/nmeth.4508
https://doi.org/10.1038/nmeth.4508
https://doi.org/10.1364/OE.19.024122
https://doi.org/10.1364/OE.19.024122
https://doi.org/10.1364/OE.16.005481
https://doi.org/10.1364/OE.16.005481
https://doi.org/10.1038/s41377-019-0215-1
https://doi.org/10.1038/s41377-019-0215-1
https://doi.org/10.1063/1.2166684
https://doi.org/10.1063/1.2166684
https://doi.org/10.1364/OL.29.002142
https://doi.org/10.1364/OL.29.002142
https://doi.org/10.1109/34.485554
https://doi.org/10.1109/34.485554
https://doi.org/10.1109/TIT.1962.1057692
https://doi.org/10.1109/TIT.1962.1057692
https://doi.org/10.1016/0031-3203(90)90005-6
https://doi.org/10.1016/0031-3203(90)90005-6
https://doi.org/10.1109/34.735809
https://doi.org/10.1109/34.735809
https://doi.org/10.1109/34.55109
https://doi.org/10.1109/34.55109
https://doi.org/10.1016/0031-3203(91)90140-Z
https://doi.org/10.1016/0031-3203(91)90140-Z
https://doi.org/10.1016/1049-9652(92)90027-U
https://doi.org/10.1016/1049-9652(92)90027-U
https://doi.org/10.1016/j.imavis.2006.07.010
https://doi.org/10.1016/j.imavis.2006.07.010
https://doi.org/10.1016/0031-3203(95)00011-N
https://doi.org/10.1016/0031-3203(95)00011-N
https://doi.org/10.1016/S0031-3203(00)00179-5
https://doi.org/10.1016/S0031-3203(00)00179-5
https://doi.org/10.1109/TIP.2014.2337714
https://doi.org/10.1109/TIP.2014.2337714
https://doi.org/10.1016/S0923-5965(00)00019-9
https://doi.org/10.1016/S0923-5965(00)00019-9

J. Opt. 24 (2022) 123001

Topical Review

[192] Kim H S and Lee H-K 2003 /EEE Trans. Circuits Syst. Video

Technol. 13 76675

[193] Xin Y, Liao S and Pawlak M 2007 Pattern Recognit.
40 3740-52

[194] Tahmasbi A, Saki F and Shokouhi S B 2011 Comput. Biol.
Med. 41 726-35

[195] Alizadeh E, Lyons S M, Castle J M and Prasad A 2016
Integr. Biol. 8 1183-93

[196] Chong C-W, Raveendran P and Mukundan R 2003 Int. J.
Pattern Recognit. Artif. Intell. 17 1011-23

[197] Singh C, Walia E, Pooja S and Upneja R 2012 Digit. Signal
Process. 22 103143

54

[198] Zhang Y, Jiang Y, Zhu W, Lu S and Zhao G 2018 Multimed.
Tools Appl. 77 22589-604

[199] Gishkori S and Mulgrew B 2018 IEEE Trans. Aerosp.
Electron. Syst. 55 1037-44

[200] Malacara-Herndndez D, Carpio-Valadez M and
Sanchez-Mondragon J J 1990 Opt. Eng. 29 672-5

[201] Mukundan R 2004 IEEE Trans. Image Process.
13 1055-9

[202] Smolek M K and Klyce S D 2003 Invest. Ophthalmol. Vis.
Sci. 44 4676-81

[203] Carvalho L A 2005 Invest. Ophthalmol. Vis. Sci.
46 1915-26


https://doi.org/10.1109/TCSVT.2003.815955
https://doi.org/10.1109/TCSVT.2003.815955
https://doi.org/10.1016/j.patcog.2007.05.004
https://doi.org/10.1016/j.patcog.2007.05.004
https://doi.org/10.1016/j.compbiomed.2011.06.009
https://doi.org/10.1016/j.compbiomed.2011.06.009
https://doi.org/10.1039/C6IB00100A
https://doi.org/10.1039/C6IB00100A
https://doi.org/10.1142/S0218001403002769
https://doi.org/10.1142/S0218001403002769
https://doi.org/10.1016/j.dsp.2012.06.009
https://doi.org/10.1016/j.dsp.2012.06.009
https://doi.org/10.1007/s11042-017-4703-0
https://doi.org/10.1007/s11042-017-4703-0
https://doi.org/10.1109/TAES.2018.2856321
https://doi.org/10.1109/TAES.2018.2856321
https://doi.org/10.1117/12.55629
https://doi.org/10.1117/12.55629
https://doi.org/10.1109/TIP.2004.828430
https://doi.org/10.1109/TIP.2004.828430
https://doi.org/10.1167/iovs.03-0190
https://doi.org/10.1167/iovs.03-0190
https://doi.org/10.1167/iovs.04-1222
https://doi.org/10.1167/iovs.04-1222

	Zernike polynomials and their applications
	1. Introduction
	2. Zernike polynomials over circular pupils
	2.1. Definitions
	2.1.1. The Noll indexing scheme.
	2.1.2. The OSA/ANSI indexing scheme.
	2.1.3. The Fringe indexing scheme.
	2.1.4. The ISO-14999 indexing scheme.
	2.1.5. The Born and Wolf indexing scheme.
	2.1.6. The Malacara indexing scheme.
	2.1.7. Comparisons.

	2.2. Mathematical properties
	2.2.1. Orthogonality.
	2.2.2. Symmetry.
	2.2.3. The Fourier transform.
	2.2.4. Integral representation of radial polynomials.
	2.2.5. Derivatives.
	2.2.6. Recurrence relations.
	2.2.7. Summary.

	2.3. Wavefront fitting
	2.3.1. Mathematical formulation.
	2.3.2. Transformation of Zernike coefficients with pupil translation, rotation, or resizing.

	2.4. Relationships with Seidel aberrations and Strehl ratio
	2.4.1. Relation with Seidel aberrations.
	2.4.2. Relation with Strehl ratio.

	2.5. Relationships with other functions
	2.5.1. XY monomials.
	2.5.2. Jacobi polynomials.
	2.5.3. Legendre polynomials.
	2.5.4. Bessel functions.
	2.5.5. Chebyshev polynomials.
	2.5.6. Pseudo Zernike polynomials.


	3. Zernike polynomials over noncircular pupils
	3.1. Zernike polynomials over arbitrary pupil shapes
	3.2. Zernike polynomials over annular pupils
	3.2.1. Definition.
	3.2.2. Mathematical properties.
	3.2.3. Wavefront fitting.


	4. Applications
	4.1. Diffraction theory
	4.1.1. The diffraction theory of aberrations.
	4.1.2. PSF computation using the Nijboer–Zernike theory.
	4.1.3. PSF computation using the extended Nijboer–Zernike theory.

	4.2. Optical design
	4.3. Optical testing
	4.4. Ophthalmic optics
	4.5. Adaptive optics
	4.6. Image analysis
	4.6.1. Zernike moments and fast calculation.
	4.6.2. Pseudo Zernike moments.


	5. Discussion and conclusion
	References


